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1. INTRODUCTION 

1.1 PURPOSE 

This Science Data Validation Plan describes the plans for validating a subset of the Multi- 
angle Imaging SpectroRadiometer (MISR) Level 2 algorithms and data products and supplying 
top-of-atmosphere (TOA) radiances to the In-flight Radiometric Calibration and Characterization 
(IFRCC) subsystem for vicarious calibration. 

1.2 SCOPE 

This plan deals only  with  MISR science data and algorithms. Reference [M-7] provides the 
theoretical basis of the ground-based retrieval algorithms. Plans for in-flight radiometric and geo- 
metric calibration of the instrument are described  in [M-I2]  and [M-I3 ]  respectively. These plans 
also discuss validation of the LIB1 Radiometric  Product  and the L1B2 Geo-rectified Radiance 
Product. The MISR Experiment Overview [M-I]  summarizes the  measurement and science objec- 
tives, the missions and the science data products. Literature references used throughout this docu- 
ment are provided in Chapters 10 and 15. Within the text, these references are indicated by a num- 
ber  in italicized square brackets, e.g., [ I ] .  

Elements described within this Science Data Validation  Plan include: 

The MISR algorithms and parameters to be validated. 

The plans for validating MISR algorithms used to produce parameters contained 
within Level 2 algorithms, products and ancillary datasets. 

The plans for producing TOA radiances from field measurements for use in 
MISR calibration during the mission,  the so-called vicarious procedure. 

Field experiments, including those completed to date and plans for future cam- 
paigns. 

Instruments required for field experiments, including ground  and aircraft based 
sensors. 

Radiometer networks and special sites to be used in the validations. 

Data reduction procedures and software needed to generate validation data prod- 
ucts containing MISR parameters from field measurements and compare them 
with standard MISR  products. 

The roles and responsibilities of the participants in the validation process. 

The required deliverables from the validation team. 

The plans for archiving results of the validation activities. 



1.3 DOCUMENT  ORGANIZATION 

Part I of this Science Data Validation Plan discusses elements that are common to all aspects 
of the MISR validation activity. These include an introduction to the MISR experiment, the man- 
agement plan for validation activities, software and data management issues, and plans for the Air- 
borne Multi-angle Imaging SpectroRadiometer (AirMISR). 

Part 11 of this plan describes algorithms, instruments, field experiments to be used for vali- 
dation of MISR Aerosol and Surface algorithms and products, both in the pre-launch and post- 
launch eras. The  site selection, timing  and aircraft scheduling, field operations, data acquisitions, 
data reductions, error analyses and archiving of results will be'carried out mainly  by personnel of 
the MISR validation team at  JPL  and are described herein. These activities are overseen by the 
Validation Scientist in cooperation with  the Principal Investigator and the CalibrationNalidation 
Coordinator. 

Part I11 of this plan describes algorithms, field instruments, and field experiments to be used 
for Validation of MISR TONCloud algorithms  and  products,  both  in pre-launch and post-launch 
time frames. The  site selection, planning and execution of field experiments as well as data collec- 
tion, data reduction, archiving for these activities are the responsibilities of the Validation Coordi- 
nator and the MISR Co-Investigator at the Pennsylvania State University. To avoid conflicts in air- 
craft scheduling, use of personnel (e.g., AirMISR flight crew) and equipment, the Validation Co- 
ordinator is responsible for coordination of aircraft and field experiment requirements with the 
MISR Validation Scientist. 

Where feasible field experiments common to both Part I1 and Part I11 will be carried out si- 
multaneously, but in general the activities of Part I1 are best pursued  under clear skies, whereas 
those of Part HI are generally pursued  under  cloudy conditions. Instrumentation utilized primarily 
in Part II investigations may  be  used for Part I11 studies, e.g., sphere scanning radiometers and dif- 
fuse/direct radiometers for measurement of selected radiation quantities (incident and reflected ra- 
diance, radiant exitance and irradiance), and fisheye cameras for assessment of cloud cover. 0th- 
erwise the experiments relating to Part I1 and Part I11 are seen to proceed largely independently. 

1.4 MISR  DOCUMENTS 

References to MISR Project documents are indicated by a number in italicized square brack- 
ets prefixed by  M, e.g., [M-I ] .  

[ M - I ]  Experiment Overview, JPL D-13407. 

[M-2] Level 2 Cloud Detection and Classification Algorithm Theoretical Basis, JPL 
D-11399, Rev. C. 
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[M-3] Level 2  Top-of-Atmosphere  Albedo  Algorithm Theoretical Basis, JPL 
D-13401,  Rev.  C. 

[M-4] Level 2  Aerosol  Retrieval  Algorithm  Theoretical  Basis, JPL D-11400, 
Rev. C. 

[M-5] Level 2 Surface Retrieval  Algorithm  Theoretical  Basis, JPL D-11401, 
Rev. C. 

[M-6] Level 2  Ancillary  Products  and  Datasets  Algorithm Theoretical Basis, JPL D- 
13402, Rev. A. 

[M-7] Science Data  Validation  Algorithm  Theoretical  Basis, JPL D-13403. 

LM-81 Science Data  Validation  Product  Description, JPL D-14005. 

[M-9] Science Data  Validation Software Requirements, JPL D-14006. 

[M-IO] Algorithm  Development  Plan, JPL D-11220. 

[M-I I ]  Preflight Calibration  Plan, JPL  D- 1 1392. 

lM-121 In-flight Radiometric  Calibration  and  Characterization Plan, JPL D-133 15. 

[M-13] In-flight  Geometric  Calibration  Plan, JPL D-13228. 

[M-14] Science Data  Quality  Indicators, JPL D-13496. 

["I51 Data Management Plan,  JPL  D-13584. 

1.5 MEASUREMENT  AND  SCIENCE  OBJECTIVES 

The purpose of the MISR experiment is to  acquire  systematic multi-angle imagery for global 
monitoring of top-of-atmosphere  and  surface  albedos  and to measure the shortwave radiative prop- 
erties of aerosols, clouds, and  surface  scenes in order  to characterize their impact  on the Earth's 
climate. 

The instrument is scheduled for launch on the first Earth  Observing System (EOS) spacecraft 
(EOS-AMI). See Experiment  Overview [ M - I ]  for more  information  and [51] for MISR retrieval 
methods. 

1.6 MISR  INSTRUMENT 

The MISR instrument consists of nine  pushbroom  cameras. It is capable of global coverage 
every  nine days, and flies in a 705-km descending  polar orbit. The cameras  are  arranged  with  one 
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camera pointing toward the nadir  (designated  An), one bank of four cameras pointing in the for- 
ward direction (designated Af, Sf, Cf, and Df in order of increasing off-nadir angle), and one bank 
of four cameras pointing in the aftward direction. The same naming convention is used but des- 
ignated Aa, Bay  Cay and Da. Images are acquired  with  nominal  view angles, relative to the surface 
reference ellipsoid, of 0", 26.1",  45.6",  60.0",  and  70.5" for An, Af/Aa, Bf/Ba, Cf/Ca, and Df/Da, 
respectively. Each camera uses four Charge-Coupled  Device  (CCD) line arrays in a single focal 
plane. The line arrays consist of 1504 photoactive pixels  and each line is filtered to provide one of 
four spectral bands. The spectral band shapes are centered at 446,558,672, and 866 nm. 

MISR contains 36 parallel signal chains corresponding to the four spectral bands in each of 
the nine cameras. Each signal chain contains the output from the detectors in each CCD array. The 
zonal overlap swath width of the MISR  imaging data (that is, the swath seen in common by all nine 
cameras along a line of constant latitude) is 360km, which provides global multi-angle coverage 
of the entire Earth in 9 days at the equator, and 2 days at the poles. The cross-track instantaneous 
field-of-view (IFOV) and sample spacing of each pixel is 275 m for all of the off-nadir cameras, 
and 250 m for the nadir camera. The constant across-track pixel dimension is achieved by varying 
focal length with view angle. Along-track IFOV's depend on view angle, ranging from 214 m in 
the nadir to 707 m at the most oblique angle. Sample spacing in the along-track direction is 275 m 
in  all cameras. The instrument is capable of buffering the data to provide 4 sample x 4 line, or 1 
sample x 4 line averages, in addition to the mode in which pixels are sent with  no averaging. The 
averaging capability is individually selectable within each of the 36 channels. 

There are several observational modes of the MISR instrument. Global Mode (GM) refers to 
continuous operation with  no limitation on swath length. Global coverage in a particular spectral 
band  of one camera is provided by operating the corresponding signal chain continuously in a se- 
lected resolution mode.  Any choice of averaging modes  among the nine cameras that is consistent 
with the instrument power  and data rate allocation is suitable for Global Mode. Additionally, Local 
Mode (LM) provides high resolution images in all 4 bands of all 9 cameras for selected Earth tar- 
gets. This is accomplished by inhibiting pixel averaging in all bands of each of the cameras in se- 
quence, one at a time, beginning with  the first camera to acquire the target and ending with the last 
camera to view the target. The instrument geometry limits the along-track length of Local Mode 
targets to about 300 km. Finally, in Calibration Mode (CM) the on-board calibration hardware is 
deployed and calibration data are acquired for the cameras. Calibration data will be obtained for 
each spatial sampling mode (see above) by  cycling each channel through the various modes during 
the calibration period. Calibration Mode will be used on a monthly basis during routine mission 
operations, although early in the mission it will be  used  more frequently. 

1.6.1 Science  Objectives 

Aerosols of natural and anthropogenic origin, including those from industrial and volcanic 
emissions, natural plant emanations, biomass burning and dust resulting from desertification, pro- 
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vide shortwave radiative forcing of  the  planetary radiation budget. The scientific objectives of 
MISR aerosol retrievals are: (1) to monitor  globally the magnitude and natural temporal and spatial 
variability of sunlight absorption and scattering by aerosols in the Earth’s atmosphere, particularly 
the troposphere, and to determine the shortwave radiative forcing of climate, (2) to improve our 
knowledge of the distribution of sources, transformations, and sinks of aerosols over the globe, as 
well as their global budgets (fluxes from surface emission and deposition, atmospheric generation 
rates, residence times), (3) to provide data for atmospheric correction of images acquired by MISR 
and other EOS platform instruments (MODIS  and  ASTER) to secure better estimates of surface 
reflectance properties. 

Accurate hemispherical reflectance estimates are expected to be diagnostic of the influence 
of biophysical processes on surface-atmosphere interactions (both  with respect to energy and mass 
transfer because of the strong correlation between hemispherical surface reflectance and photosyn- 
thetic and evapotranspiration rates. Angular signatures from surface cover types is also expected 
to lead to improved surface cover classifications and characterization as well as quantification of 
the time-evolution (change) of terrestrial ecosystems that result from natural processes such as can- 
opy succession and species replacement, or anthropogenic activities like deforestation and process- 
es leading to acid rain. Monitoring of ocean  color provides a means of assessing marine biological 
productivity and changes with  time. The scientific objectives of MISR surface retrievals are: (1) to 
study globally the magnitude and natural spatial and temporal variability of the sunlight absorption 
and scattering properties by the Earth’s surface specifically through determination of the surface 
bihemisgherical reflectance (the spectral albedo), (2) to provide improved land surface classifica- 
tions and determinations of temporal change (dynamics) in conjunction with MODIS, (3) to make 
observations of ocean color in equatorial regions through  improved measurements of water-leav- 
ing radiances from atmospheric correction of top-of-atmosphere radiances, supplementing obser- 
vations of MODIS. 

The importance of clouds to the Earth’s climate is unquestioned, and as the Earth undergoes 
change, both natural and anthropogenic in origin, the  physical properties of clouds are expected to 
change. Clouds play a major role in the Earth’s energy balance. Unfortunately,  even some of  the 
most basic features of clouds (such as  cloud top altitude) and important scientific quantities (such 
as the angular dependence of light scattered by clouds) are not  easily determined on a global scale. 
Current models of the response of Earth’s climate to increases in CO2 and trace gases like methane 
are severely limited by ignorance of feedback processes associated with changes in cloud cover 
and cloud properties. Accurate cloud height determinations are lacking in existing cloud climatol- 
ogies and are poorly represented in studies of severe storm  phenomena. Lack of reliable estimates 
of cloud-top altitude hamper efforts to  model three-dimensional radiative fluxes in climate feed- 
back models. MISR’s unique ability to view the same target from multiple directions will enable 
determination of cloud top altitude and  velocity  through stereo-imaging techniques, as well as, to 
better constrain the angular dependence of the solar reflectance for both clouds and the Earth sur- 
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face. The overall scientific objectives of MISR  with  regards to clouds are: (1) to detect clouds as a 
prerequisite to surface classification and to identify cloud-free lines of sight prior to the application 
of aerosol and surface retrieval algorithms, (2) to classify different types of cloud fields (e.g.,  by 
their apparent heterogeneity, spatial arrangement and altitude), and (3) to study, on a global basis, 
the effects of clouds on  the spectral solar radiance and irradiance reflected to space. 

1.7 SCIENCE DATA  PRODUCTS 

The MISR Science Computing Facility (SCF) and Distributed Active Archive Center 
(DAAC) represent the primary entities in  which  the functions of  MISR science data processing will 
be implemented. The MISR SCF will support MISR science algorithm development, as well as 
quality assessment and validation of  MISR data products. This will include generating those data 
and coefficients needed to run MISR science software at the DAAC. The MISR DAAC, which is 
shared with several other EOS instruments, is the facility at which software incorporating MISR 
science algorithms will operate in a high  volume, real-time mode to produce standard science data 
products. 

The generation of science data products can be divided into six subsystems within the Prod- 
uct Generation System. Each subsystem has at least one primary output product, but may have oth- 
er secondary output products. It  is convenient to conceptualize the processes within these sub- 
systems as occurring in sequence, with the predecessor producing at least one complete product, a 
portion of which is the primary input for the successor. Each of these subsystems correspond to a 
processing level of a product generation flow, as shown in Figure 1. These levels conform gener- 
ally to the EOS scheme from Level 1 to Level 4. 

Reformatting Radiometrid Top-of-Atmosphere/ 
Annotation  Subsystem Geometric  Subsystem Cloud  Subsystem 

Level 1A Level 2 Level 1B 
Raw data ingest 

TOA albedo calculation Cloud detection Data annotation 

-b Geometric rectification -b Data reformatting 

Reflecting level Radiance scaling 
Radiance conditioning 

and registration 

parameter generation 
Cloud classification 

I I I  ‘I 

Data analysis 

Research publication 

Research/ 

generation 

Global gridding 

Griddind 
Modeling  Subsystem Binninghbsystem 

A 
Level 2 

Retrieval path 
determination 

Aerosol retrieval 

Surface retrieval 

Aerosol/ 
Surface  Subsystem 

Validation 

and 

Quality 
Assessment 

Figure 1: MISR  Product  Generation  System 
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Standard products generated at the  DAAC are critically dependent on calibration parameters 
and other lookup data, such as threshold datasets, atmospheric climatologies, aerosol and surface 
model datasets and the like, which  must  be  produced  at the SCF. Functions performed at the SCF 
are separated from DAAC activities because  they require much closer scrutiny and involvement 
by the MISR Science Team than the MISR DAAC could provide. Updates to these data structures 
occur infrequently compared to the rate of standard product generation, and therefore fit into the 
more limited processing capabilities of  the SCF. Other essential functions that have activities at the 
SCF include quality assessment, algorithm and data product validation, software development, and 
instrument operations. 

1.8 REVISIONS 

This plan will be updated periodically, or as warranted  by  new experiment developments. 
Future revisions will be issued as warranted in synchronization with the schedule for major soft- 
ware builds, and  no less frequently than once per year, emphasizing the detail for work to be ac- 
complished in the upcoming calendar year. All revisions to this document must be approved by  the 
Principal Investigator. This release constitutes Revision  C. 



2. MANAGEMENT PLAN 

2.1 INDIVIDUAL  PARTICIPANTS  AND  ROLES 

2.1.1  Principal  Investigator 

The MISR Principal Investigator (PI) has primary responsibility for the conduct of the MISR 
experiment and the direction of all MISR-related activities, including instrument development, op- 
erations, data management, data analysis, calibration, validation,  and algorithm development. The 
PI possesses ultimate responsibility for selection of algorithms. Major elements of the PI’S respon- 
sibilities are delegated as explained in the following subsections. The PI is David  J. Diner of JPL. 

2.1.2 Calibratioflalidation Team  Coordinator 

The Calibratioflalidation Coordinator, Carol J. Bruegge of JPL, oversees the joint on- 
board MISR calibration activities together  with the science validation and vicarious instrument cal- 
ibration effort. The role includes development  and supervision and maintenance of a calibration 
facility, inherited from the MISR  pre-flight calibration activity itself, that will be devoted exclu- 
sively to calibration and spectral characterization of field instruments and  AirMISR. This role in- 
cludes documentation of the calibration and  validation efforts for both internal and external publi- 
cation routes. 

2.1.3 Validation  Scientist 

The MISR Validation Scientist, James E. Cone1  of JPL, assists the MISR Principal Investi- 
gator in overseeing the validation of  MISR algorithms and data products. Algorithm development 
responsibilities include insuring that appropriate in-situ, aircraft-based, and space-based test data 
are acquired and used in testing MISR product generation algorithms and software before launch. 
The validation scientist is responsible for devising, writing, maintaining  and implementing a plan 
for aerosol and surface products as well as schedule for MISR algorithm and data product valida- 
tion, and is  to be responsible for the validation  budget. He will prepare experiment plans on an ex- 
periment by experiment basis, covering MISR plans delineating the experiment goals, the choice 
of field sites and the coordination of activities between aircraft overflight and ground teams. He 
will coordinate the choice of field validation activities with  the Calibration-Validation Team Co- 
ordinator, members of the  MISR  Validation team, the  MISR Science team, coordinate science and 
observational aircraft and field schedules with  experiments carried on by  NASA or other external 
organizations. The MISR Validation Scientist also coordinates the activities of a Field Engineer, a 
Data Managemenmata Reduction Scientist, Field Algorithm Development Scientist, and a Soft- 
ware Subsystem Development Engineer. He will coordinate activities with the TONCloud Vali- 
dation coordinator (R. Marchand) and associated  Co-Investigator formerly at Pennsylvania State 
University (PSU) and presently at Pacific Northwest Laboratories (PNL). The validation scientist 
also has responsibility for preparation of scientific papers describing validation developments in 
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the open literature and for episodic updates  of the validation plan reflecting new lines of thought 
or important developments concerning MISR  validation process. 

2.1.4 AerosoYSurface  Validation  Team 

The Aerosol/Surface Validation team is based  at JPL. The primary responsibilities of the 
Field Engineer, Mark C. Helmlinger, are acquisition, modification, calibration, maintenance and 
storage of all optical and meteorological instrumentation involved in the MISR field validation ex- 
ercises. The Field Engineer is responsible for acquisition and storage of the raw observational data 
in the field and for its (near) real-time reduction as required to support field exercises. He has re- 
sponsibility for development and  maintenance of a JPL observation station designed to act as a lo- 
cal mode atmosphere/surface station for pre and  post  launch validation activities. The Validation 
Algorithm Scientist, Stuart Pilorz, will primarily  be responsible for development and maintenance 
of all algorithms used for the reduction of optical data acquired from field and aircraft instruments. 
This includes the development of any  new algorithms as required, adapted to the MISR theoretical 
formalism. The Validation Algorithm Scientist is also responsible for the writing and updating of 
the Science Data Validation ATB [M-7]. Working  closely  with  the Validation Algorithm Scientist 
is the Validation Researcher, Wedad  Abdou. She has a primary role in applying radiative transfer 
methodologies to the retrieval of surface radiometric parameters (e.g., BRF), participation on aero- 
sol/surface closure studies, inclusion of aerosol  models to calculate top-of-atmosphere radiances, 
and in the analysis of vicarious calibration results. The primary responsibilities of the Data Man- 
agement Specialist (DMS) / Analyst, Barbara Gaitley, are to assemble field data from the acquiring 
entities external to JPL as well  as from the  JPL  validation team, utilize the available laboratory and 
or field/acquired data to provide in-flight calibrations for MISR simulator instruments as well as 
other optical ground-based instrument data sets, maintain  and upgrade existing software for reduc- 
tion of field data and in addition  work to provide routine (turnkey) editing capabilities and reduc- 
tions for existing field instruments, (e.g. PARABOLA 111 of JPL, the MFRSR, the CIMEL and Re- 
agan sunphotometers). She is responsible for the organization and maintenance of atmospheric, 
surface, and instrument calibration data acquired during field experiments into databases, its doc- 
umentation for accessibility, so that quick access may be had  by parties interested in complete 
traceability from field acquisition through calibration through deposition in the database. The Soft- 
ware Development Engineer, William Ledeboer, is responsible for establishing software require- 
ments, designs, test plans, and test procedures. He is also responsible for implementation, integra- 
tion, documentation and delivery of the validation software. With respect to algorithm develop- 
ment, his responsibilities are to insure that  the software represents a thorough implementation of 
the algorithm requirements described in the relevant Algorithm Theoretical Basis (ATB) docu- 
ment(s). He works closely with the AirMISR data system team and is responsible for the genera- 
tion of a routine processing approach for AirMISR calibrated and georectified data products. 
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2.1.5 TONCloud Validation  Team 

Activities associated with  validation of MISR TONCloud products have been delegated to 
a team for which MISR team members  and associates at Pennsylvania State University the have 
lead responsibilities. The lead individual formerly at PSU,  and currently at PNL is MISR Co-In- 
vestigator Thomas P.  Ackerman.  He is assisted by researchers Roger Marchand and Eugene 
Clothiaux. Specifically these individuals will assume responsibility for the planning, coordination 
of activities with JPL (both field and AirMISR engineering teams)  and  NASA Dryden aircraft 
schedulers, the carrying out, the data reduction and publication of results for TONCloud validation 
experiments. Members and associates of  the  MISR science team at JPL, University College Lon- 
don (Jan-Peter Muller), University  of Illinois at Urbana (Larry  Di Girolamo), and University of Ar- 
izona (Roger Davies) will also be involved in the TONCloud Validation  Team. The field experi- 
ments and data reductions for TONCloud activities are predominantly independent of those car- 
ried out on behalf of Aerosol/Surface validation, although sharing of instruments and personnel 
may occur on an as  needed basis. 

2.2 SOFTWARE  DEVELOPMENT 

2.2.1 Objectives 

The objectives of  MISR  validation software development activities are: 

(1) Assist in the development, test and verification of  MISR validation algorithms. 

(2) Create a validation product generation system, running at the MISR Science 
Computing Facilities at JPL, Pennsylvania State University, University College 
London, University of Illinois, and University of Arizona, that will: 

(a) Ensure, through appropriate data management, that the raw field experi- 
ment data is  maintained  in its original form. 

(b) Implement the algorithms defined to generate the validation products. 

(c) Generate the data products needed to validate MISR algorithms and data 
products, and produce experiment reports  and publications in the open lit- 
erature. 

(3) Implement the selection and ordering of appropriate granules of standard data 
products from the DAAC, corresponding to the times of coordinated field exper- 
iments/overflights. 

(4) Facilitate the visualization and comparison of  MISR  and validation geophysical 
parameter retrievals. 

2.3 DATA  REDUCTION 

2.3.1 Data Product  Generation 
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The objective of reducing MISR  validation data is to produce validation data products as de- 
fined in [M-81. These products contain raw instrument data (Level 0),  observables derived from 
raw data (Level 1) and geophysical parameters resulting from science retrievals (Level 2) .  Table 1 
is a high-level summary of the Validation Products to be generated from the Validation Team ac- 
tivities. 

Table 1: MISR Science  Data  Validation  Products 

Name Processing I Level 1 
Field Raw Data Products 

Field and Airborne Instrument Calibration Products 

Field Instrument Products 

AirMISR Radiometric Product 

1B2 AirMISR Georectified Radiance Product 

1B1 

Vicarious Calibration DN Product 

2 Validation TONCloud Products 

1 Vicarious Calibration TOA Radiance Product 

0 

Validation  AerosolJSurface  Products 2 

Figure 2 is the context diagram for the MISR  validation data product generation process. 
This figure identifies all of the external interfaces for this  process, including all required inputs and 
the destinations of the various products. 

MISR validation data products will be  used for retrieval comparison and analysis. In addi- 
tion, the TOA radiance and DN products will  be delivered to the  MISR In-Flight Radiometric Cal- 
ibration and Characterization (IFRCC) subsystem for use in vicarious calibration of the flight in- 
strument. 

Most of the cloud validation data analysis will be  performed at Pennsylvania State Univer- 
sity, especially analysis of those data associated  with  ground-based measurements. In large mea- 
sure, the data provided by ARM and  other  groups  is quality controlled. Nonetheless, the validation 
analysis will include examining the data quality  and calibration of these sensors. 
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Figure 2: MISR Validation  Product  Generation  Context  Diagram 
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2.3.2 Archiving of Results 

Measurement data from all field experiments as  well as the parameter retrievals, compari- 
sons and experiments reports will be archived both at  the  MISR SCF and at the appropriate DAAC 
(see Figure 2). The principal motivation is to allow recovery of the experimental conditions and 
permit complete traceability as well as characterization of the measurements. 

Detailed descriptions of  how  the data will be archived  will  be included in the Data Manage- 
ment Plan [M-15]. Validation data will be archived  at the scientific computing facility at which the 
product is generated as well as at the Langley  DAAC. 

2.3.3 Role of EOSDIS 

MISR Science Data Validation will interact with EOSDIS through the DAACs. MISR Level 
2 data products will be retrieved from the appropriate DAAC for comparison with ground and air- 
craft-based retrievals. The Level P data for all ground-based field exercises will also be archived 
at JPL and will be available to investigators concerned  with  MISR validation activities. 
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3. AIRMISR 

3.1 INSTRUMENT  DESCRIPTION 

In 1996 the EOS Project Science Office at the NASA  Goddard Space Flight Center (GSFC) 
approved the construction of an airborne MISR simulator, designated AirMISR. The primary mis- 
sion of AirMISR is to (1) collect MISR-like data sets to support the validation of MISR geophys- 
ical retrieval algorithms and data products; (2)  underfly the EOS-AM1 MISR sensor to provide an 
additional radiometric calibration path and to assist  with in-flight instrument performance charac- 
terization; and (3) enable scientific research utilizing high quality, well-calibrated multi-angle im- 
aging data. A secondary mission is to serve as a technology  testbed for advanced, lightweighted 
MISR cameras for future remote sensing platforms. 

AirMISR is a pushbroom imager utilizing a single spare MISR camera built into a pivoting 
gimbal mount. See [I51 for a complete instrument description. A single data run is divided into 
nine segments, each at a specific MISR look angle. The gimbal pivots aftward between segments 
to repeat the pushbroom data acquisition of the same area  on the ground from the next angle. This 
process is repeated until all nine look-angles of the target area are collected. The swath width is 
governed by the single camera field-of-view, and  varies from 11 km in the nadir to  32 km at the 
most oblique view angle. The along-track image length at each angle is dictated by  the timing re- 
quired to obtain overlap imagery  at all angles, and  varies from about 9 km in the nadir to 26 km at 
the most oblique angle. Thus, the nadir image dictates the area of overlap that is imaged from all 
nine look angles. This approach ensures identical calibration at all angles, a useful feature in uti- 
lizing the instrument as part of the spaceborne MISR calibration. The AirMISR instrument flies 
aboard the ER-2 platform at an altitude of 65,000 to 70,000 feet above sea level. Thus adjustments 
in the calculated FOV  must be made for targets at elevations above (or below) sea level. 

JPL adopted the following approach in developing the instrument: 

(1) MISR brassboard, protoflight spares, and existing ground support equipment 
were adapted for the camera optics, electronics, and  data system. This ensures 
that AirMISR  is closely matched in spectral and radiometric performance to the 
spaceborne MISR. The use of existing components, assemblies, and facilities 
minimized the development costs. 

(2) The gimbal provides images at all nine  MISR angles during a 13-minute flight 
line. The computer-controlled gimbal supports a number  of different operating 
modes, including the standard nine-angle sequence as well as alternative angle 
sequences for specific studies and algorithm validations. 

(3) MISR-equivalent pixels can be constructed by binning raw pixels in the ground 
data processing, taking into account the full resolution and frequency updates of 
existing Inertial Navigation System (INS) and Global Positioning System (GPS) 
pointing corrections as well  as  other look-angle scaling factors. From ER-2 alti- 



tude, the AirMISR camera has  an instantaneous footprint of 7 m cross-track x 6 
m along-track in the nadir  view  and 21 m x 55 m at the most oblique angle. Lines 
of image data are acquired every 40.8 msec, resulting in an along-track sample 
spacing, regardless of  view  angle,  of 8 m for an aircraft ground speed of 200 m/ 
sec. Thus, it is possible to generate samples which  match MISR pixel dimen- 
sions at any view  angle,  and to compensate for the variable footprint dimensions 
with angle in the ground data processing. It is also possible to make use of the 
higher resolution imagery if desired. 

Sets of MISR calibration photodiode assemblies were incorporated into the de- 
sign to test their ability to supplement laboratory calibrations. A detector-based 
calibration approach is one of the  innovations included in the sgaceborne MISR 
on-board calibrator, and is essential to meeting the demanding radiometric accu- 
racy requirements of the experiment. High  accuracy radiometry of AirMISR is 
necessary in order for it to  provide a useful calibration pathway for the space- 
borne instrument, and detector-based methods are also integral to AirMISR lab- 
oratory calibrations. 

Room for an additional camera to be incorporated at a later date ( e g ,  to incor- 
porate new spectral channels, or to enable the benchmarking of  new technology 
camera components) was  reserved within the instrument. 

AirMISR has been partially operational since 1997, and became fully operational for unre- 
stricted science data collection in approximately  November,  1998. The instrument has flown as 
part of numerous engineering and several science flights. Diner et al. [15] describe some of the 
early results. Because the instrument specifications are those of the MISR cameras themselves, the 
radiometric performance is equivalent to that of MISR,  with signal-to-noise ratios in the range 
from  700 at target reflectances of 100% to 100 at 2% ground reflectance, for individual pixels. 
Pointing to a specific ground target and  stability of the overlapping fields-of-view for various view 
angles mainly depends upon stability of  the ER-2 flight path, e.g., straight and level, with pre-pro- 
grammed start time. (Camera model  and  camera orientation relative to airframe are also involved). 
However the large AirMISR field of  view  and relatively good surface resolution (about 7 m at na- 
dir) help to ensure that overlapping views of the surface target are secured and that distinctive sur- 
face features will be secured for target location. In addition, high accuracy  and temporal resolution 
GPS and INS data obtained by the ER-2 help to determine image orientation for motion and atti- 
tude correction. Ground tie-pointing is used for additional geometric calibration. 

3.2 INSTRUMENT  STATUS 

Following several deployments, a number of engineering issues remained with the instru- 
ment. A technical review  was held at JPL on  July 15, 1998 to solicit external advice on how to ad- 
dress the engineering issues. A brief description of the most significant issues, and plans for deal- 
ing with them is given here: 



The most significant issue was that the rotating gimbal  was not reliably moving 
to all 9 acquisition angles. This has  been determined to be due to excessive cable 
drag and an  unbalanced  condition  of the rotating drum. Rework and flight testing 
has eliminated the problem. 

Flight software timing  problems resulted in an allocation of computer resources 
between acquisition of image data and navigational data that results in a typical 
rate of  10%  dropped image lines. A detailed analysis of the software timing was 
undertaken and a software rework carried out, culminating in a checkout flight 
in winter 1999. The fixes have largely eliminated dropped or corrupted lines 
upon data acquisition and  greatly reduced need for such fixes in the ground data 
processing software. 

Some remaining engineering issues of a more  minor nature, and implementation 
of the on-board diode calibrators, is scheduled for some time in 2000. 

Each of the engineering checkout flights has been  coupled  with specific science objectives 
as described below so that the instrument continues to perform as a science instrument as part of 
the validation activities wherever possible 

3.3 DATA  REDUCTION 

An automated data processing system is being  developed to produce corrected, radiometri- 
cally calibrated, geo-rectified images from raw data acquired  by  AirMISR. Processing includes 
correction of images for corrupt or missing data, radiance conversion and scaling using laboratory 
measured calibration coefficients, resampling of  ER-2  navigation data, and georectification of 
AirMISR images. AirMISR data reduction will  proceed according to the following steps. 

3.3.1 Unpacking 

AirMISR flight data consists of image, navigation, engineering and log files. These files are 
unpacked from the tarred compressed file delivered by the flight operations team and installed in 
a standard directory structure. 

3.3.2 Log File Analysis 

The in-flight log file produced  by the instrument is analyzed to determine how many runs 
(target overpasses) were attempted, the desired camera angles for each run and whether or not the 
camera angles were achieved based on the optical switch readings. 

3.3.3 Navigation  Data  Processing 

ER-2 navigation data is used to create a Hierarchical Data Format (HDF) file containing re- 
sampled navigation data for use in image georectification. 



3.3.4 Image  Correction  and  Radiometric  Calibration  (Level lB1) 

AirMISR images are corrected to replace dropped lines and corrupt data with linearly inter- 
polated values. Radiometric calibration coefficients determined from laboratory measurements are 
applied and the resulting radiances are scaled in the same manner  as MISR to produce an HDF 
product. The radiances are traceable to systkme international (SI)  units. 

3.3.5 Image  Georectification  (Level  1B2) 

The georectification uses the navigation data to correct for aircraft attitude changes and co- 
registers the spectral and multi-angle images. The images are projected to terrain, defined  by the 
Digital Terrain  Elevation Dataset (DTED)  Level 1, as  well as to the ellipsoid defined  by  World 
Geodetic System 1984 (WGS84). Projected images are resampled to 27.5 m resolution on a Uni- 
versal Transverse Mercator (UTM) grid. 

3.3.6 DAAC  Ingest  Metadata  Generation 

Data required to submit AirMISR data products to the Langley DAAC are obtained from the 
flight log file, README files and  user input. 

3.3.7 Geophysical  Parameter  Retrieval  (Level 2) 

Modified MISR algorithm development codes will be used to retrieve geophysical parame- 
ters. 

3.3.8 Plans 

An Interface Control Document (ICD) for delivery of AirMISR data to the Langley DAAC 
is still under  review at JPL and LaRC. The first phase of development focused on implementing 
the functionality needed to create Level 1B1 and 1B2 data products. Subsequently, we concentrat- 
ed on automating and streamlining the production process such that raw data could be used to cre- 
ate DAAC-ready products with a minimum of operator/analyst intervention. MISR prototype al- 
gorithm development codes are being  modified for use  with  AirMISR Level 1B2 products to re- 
trieve aerosol, surface, and cloud  parameters. Additional plans in the  near future include: 

(1) Updating of the Data Quality Indicator fields in the Level 1B2 product to reflect 
radiometric and geometric data quality. 

(2) Inclusion of additional metadata into the AirMISR standard products. 

(3) Release of AirMISR ICD. 

(4) Re-processing of  AirMISR flight data and delivery of data products to Langley 
DAAC 

17 



3.4  EXPERIMENT  CAMPAIGNS 

3.4.1  Nature Of AirMISR  Field  Campaigns 

Each field campaign is designed to obtain ground measurements of atmosphere and surface 
simultaneously with  AirMISR overflight of the target. Each target chosen addresses one or more 
validation issues of aerosol, surface reflectance, or cloud algorithm validation. The experiments are 
carried out under clear sky conditions, unless  cloud  validation activities are involved. In order to 
compensate for possible aircraft pointing  and other stability or navigational issues, it has been de- 
cided to duplicate each overpass at a given azimuth (down  and back). Typically three azimuth di- 
rections are chosen: (1) duplicate expected ground  path of MISR  ground track, about 190", and re- 
verse, about lo", (2) solar principal plane and reverse, (3) line bisecting (1)  and (2), and the reverse, 
for a total of six individual lines. Including the solar principal plane observations introduces the 
possibility of measuring aerosol scattering phase angles approaching 180"  and also the surface re- 
flectance near the so-called hot-spot, coinciding with the direction of retro-reflection from the 
ground. 

3.4.2  Schedules 

Tables 2,3, and 4 summarize the  AirMISR field campaign program from late 1998 through 
2002. Included in the charts are experiment locations, types, aircraft coverage sought and status. 
The future schedule will probably be modified as to location, timing,  and content to fit with status 
of AirMISR, the ER-2 aircraft schedule, unforeseen  problems  with MISR, its calibration or data 
interpretation, and occurrence of other EOS validation efforts or related field campaigns. 

In the latter part of CY 1998 and  throughout  CY 1999 two engineering flights for AirMISR 
were planned to check operability of the  instrument/aircraft system after the latest instrument re- 
work. Table 2 lists five targets for these missions that provided high priority data for algorithm 
validation studies. The plan was to have each such overflight accompanied by  the full complement 
of ground observations at the chosen site thus leading to complete validation experiments in each 
case regardless of whether the goals were  predominantly engineering or predominantly science. 

Tables 3 -5 present experiments planned for the FY 2000 -2002 flight seasons. They repre- 
sent (1) previously scheduled experiments that  were  postponed  or cancelled because of unavail- 
ability of AirMISR, (2)  new experiments added to satisfy needs of MISR team members. These 
experiments will be carried out as funding, flight hours,  weather conditions, and aircraft availabil- 
ity permit. 
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Science  Data  Validation  Plan 

Part 11: AerosoVSurface  Algorithms and Products 

James E. Conel 
William C. Ledeboer 
Jet Propulsion Laboratory 



4. VALIDATION OVERVIEW 

4.1 OBJECTIVES 

MISR aerosolhrface science data validation is a subsystem of the MISR project. This sub- 
system is being developed and operated to accomplish the following objectives: 

Prelaunch - 
Validate selected MISR Level 2 science algorithms. 

Demonstrate the ability to make field measurements of radiometric quantities. 

Demonstrate the ability to generate aerosol microphysical properties from field 
optical measurements, and  compare such retrievals where possible with direct 
measurements of similar properties. 

Demonstrate the ability to retrieve from ground measurements the bidirectional 
reflectance function and the hemispherical directional reflectance function in se- 
lected target areas 

Establish equivalences of retrievals of geophysical parameters between MISR 
solar radiometer systems and  between  AERONET  network instruments and re- 
trievals such as CIMEL. 

.Calculate top-of-atmosphere (TOA)  radiances  as required for vicarious calibra- 
tion of the MISR simulator AirMISR  and  MISR on orbit. 

Make field measurements of selected parameters contained in MISR ancillary 
data sets, for example, aerosol  models  including: (1) column-effective single 
scattering albedos and single scattering phase functions, these leading to (2), col- 
umn equivalent size distributions and  complex refractive indices. This will be 
known as the augmented approach, as  it  combines several observational ground 
data sets to recover specific aerosol models tM-71, and goes beyond mere recov- 
ery of the aerosol spectral optical depth or characterization of size distribution 
by a single (Angstrom) parameter. 

Postlaunch - 
Validate selected MISR Level 2 science data products. 

Continue to validate MISR Level 2 algorithms as  needed. 

Produce aerosol size and compositional models from the field data for compari- 
son with assumed MISR  ancillary data sets 

Deliver TOA radiances to the In-flight Radiometric Calibration and Character- 
ization (IFRCC) subsystem as required for in-flight vicarious calibration. 

Intercomparisons of MISR retrievals with established AERONET and ISIS net- 
works  of solar radiation instruments. 
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The MISR science data validation  objectives  will be accomplished  by conducting field ex- 
periments coordinated with overflights of airborne instruments  and after launch, MER. Data from 
the field and aircraft flight experiments will  be  analyzed both before leaving the field and subse- 
quently at the MISR SCF, to retrieve geophysical parameters via the independent algorithmic path- 
ways available. The pathways represent: (1) retrievals via the conventional as well as modified 
ground based methods and (2) retrievals via the novel  MISR approach involving nine multi-angle 
observations of a target area carried out in one geometrical plane but at two azimuth angles (in fore 
and aft view directions) relative to the Sun. In  addition all exercises with AirMISR, both pre and 
postlaunch, will secure observations of the target in four additional azimuths, the principal plane 
of the Sun, and in a plane bisecting the principal plane of the Sun and the principal plane including 
the local ground track. These latter tracks will help characterize in a more complete way both the 
aerosol scattering regime and the surface BRF. 
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Table 6 summarizes the different experiment types in terms of purpose (across) and type 
(down) of data collected and  compared. As an example of how  to read the chart, there are two 
types of vicarious calibration experiments: one involving MISR  and ground-based instruments op- 
erated by the MISR team, and one involving MISR  and  a  MISR airborne simulator. These are 
usually carried out simultaneously in practice. Figure 3 illustrates the primary operations of the 
Science Data Validation Subsystem from the field experiment activity through production of  ex- 
periment reports. Different types of experiments will include different subsets of the elements 
shown, but will follow a similar operational flow. 

Table 6: MISR  Validation  Experiment  Measurement  Comparisons 

Calibration Airborne Inst. Cal. & 
EXP. TOA  Radiance & Inter- Algorithm 

Calibration Validation  Validation 
Vicarious Product 

MEAS. calibration Intercomparison 

MISR  Validation  Measurement  Types: 

1 - Parameters from Level  2 science data products and ancillary data sets. 
2 - Parameters retrieved from AirMISR  measurements. 
3 - Parameters retrieved from AVIRIS  measurements including near-TOA upwelling radiances 
4 - Parameters retrieved from ground based  networks or sites (AERONET, ISIS, ARM) as well as 

5 - Parameters retrieved from MISR  ground  based instrument measurements by validation team 
from other instrument teams. 

MISR  Validation  Experiment  Types: 

Calibration and Inter-calibration 
Airborne Instrument Calibration 
TOA Radiance Intercomparison 
Algorithm Validation 
Product Validation 
Vicarious Calibration 
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4.2 APPROACH 

4.2.1 Components of the  program 

General - Algorithm validation components have been alluded to previously, and constitutes 
a comparison between (a) geophysical products retrieved by applying MISR retrieval algorithms 
to surface or tropospheric-leaving radiances measured either by  MISR simulator instruments or 
top-of-atmosphere (TOA) radiances measured  by  MISR with (b) geophysical products retrieved 
from downwelling sky and direct solar radiation measured at the surface then applying convention- 
al plus augmented retrieval algorithms to such measurements.  Both the systematic and random er- 
rors in each pathway (e.g., down - looking and  up- looking) are evaluated to detect biases in each. 
In addition to downwelling and  surface-reflected radiation components, it will be possible to utilize 
AirMISR to measure selected upwelling  angular radiance components thus securing additional im- 
portant large scattering phase angle constraints on aerosol scattered radiance 

Radiance  closure - As  an essential part of the validation  process, comparisons are also made 
between: (1) both downwelling and upwelling  radiances calculated by an atmospheric model us- 
ing the ground-retrieved geophysical products and (2)  downwelling radiances measured at the 
ground and upwelling radiances measured by a calibrated MISR simulator at altitude. This pro- 
vides a radiatively consistent atmospheric and surface model against which  MISR multiangle ra- 
diances, and associated products, are to be compared. The use of both  up  and downwelling radiance 
comparisons in the ground-based part guards against possible sources of bias introduced by factors 
such as layering of aerosols in the atmosphere. Without use of the upwelling determinations by the 
simulator (AirMISR), layering ambiguities, where  present in highly turbid conditions, may remain. 
Air MISR observations used to secure large phase angle radiances also provide crucial data for sep- 
aration of spherical and nonspherical particle scattering models. 

The MISR validation program is one of continuing algorithm validation throughout both pre- 
launch and post-launch time frames. The prelaunch phase certifies the principal mathematical 
transformations between radiance measurements  and geophysical parameters retrieved by MISR. 
The post-launch phase certifies that the retrieved products agree or disagree with ground-based re- 
trievals, establishes quality control limits for the retrieved parameters by both ground and MISR 
pathways based on formal analyses of the errors, as well  as determination of biases present and of- 
fers a basis for improving the algorithms incrementally  if this step is needed. 

After MISR is in orbit and operational, the Level 2 science data products (available from the 
DAAC) will be compared with results obtained from concurrent field experiments and aircraft un- 
defflights and from comparisons with results accumulated  in observational networks.Two types of 
validation field campaigns aimed specifically at MISR products are planned: (1) stand-alone 
ground based retrievals of aerosol, surface, or cloud properties, coinciding with  MISR orbital over- 
passes, and (2 )  ground-based measurement campaigns coinciding with  MISR orbital overpasses 
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and  with simultaneous underflights by the AirMISR, (3) A third  type  of  ground measurement cam- 
paign may be possible, and is included here for completeness, although not specifically carried out 
by the MISR Validation Team, e.g., that coinciding with  MISR overpasses, simultaneous under- 
flights by the AirMISR and airborne direct aerosol sampling experiments made using independent 
aircraft. Results of experiments (l), (2), and (3) will also be used to calculate TOA radiances for 
possible use in MISR (vicarious) calibration. The observational networks and special sites to be 
used for long-term comparisons thus far consist of the AERONET solar and sky radiometer net- 
work  and ISIS radiometer (spectral irradiance) networks.  Radiometric and other observations from 
the A M  CART site in Oklahoma and the MFRSR stations at such locations as PSU, will also play 
an important role. The IMPROVE network designed to monitor horizontal visibility in scenic areas 
of the United States, and including determinations of microphysical aerosol properties, may pro- 
vide local windows into direct measurements of aerosol properties. This highly desirable type of 
information will need to be transformed to optical depth before it is of direct use. 

4.2.1.1 Included and Excluded Elements in the MISR validation plan 

The MISR science data validation  program includes the following elements: 

Gathering together of existing conventional ground-based retrieval (inverse) 
methods for aerosol abundances  and microphysical properties. 

Conversion of these conventional retrieval methods to MISR formalism, where 
necessary (e.g.,  non-Lambertian reflectance generalized to Bidirectional Reflec- 
tance Distribution Function or BRDF). 

Development of  new software to analyze data for MISR  needs specifically: (l), 
retrieval of BRDF from sphere-scanning radiometer (PARABOLA 111) measure- 
ments that include contributions of diffuse incident radiation, (2) analysis and 
software development for combination of CIMEL, MFRSR, PARABOLA 111, 
REAGAN observations to provide separations of aerosol scattering parameters, 
e.g., single scattering albedo, single scattering phase function, size distribution 
and composition (complex refractive index) 

Procurement and adaptatiodmodification of essential field instruments for di- 
rect solar, diffuse sky and  ground-reflected radiation measurements to imple- 
ment retrievals. 

Organization of field campaigns at selected land surface and ocean targets en- 
compassing essential parts of the  MISR  aerosol  climatology and surface reflec- 
tance types. 

Organization of coordinated measurement  campaigns  on the ground with MISR 
simulator overflights. 

Routine laboratory and field calibration of the field instruments. 

Special field experiments aimed at acquisition of local network measurements 
for determination of averaging and  (optimal) interpolation procedures 
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In-flight characterization (calibratiodnoise measurement)  of the MISR aircraft 
simulators using  ground  targets  and the reflectance-based vicarious method, 
both to study and augment calibration of the simulators for possible use in radi- 
ance-based calibration of MISR itself. 

Development and use of differential GPS techniques for accurate (1 m) location 
of surface targets. 

Development of procedures and algorithms for automated rectification and reg- 
istration of MISR-simulator multi-angle scenes that are suitable for application 
of the MISR data reduction algorithms. These are to use Global Positioning 
(GPS) and Inertial Navigation System (INS) data on aircraft geographic location 
and spatial orientation gathered during a mission. 

Implementation of parameter retrievals based  on  MISR algorithms using the cal- 
ibrated rectified and registered aircraft simulator data. 

Intercomparison campaigns  with other EOS-related validation field programs 
including vicarious calibration (TOA radiance) intercomparisons and network or 
local observations (AERONET, ISIS, SGP ARM). 

Carrying out of field experiments 

Specific evaluation of the sensitivity of MISR aircraft simulator and field instru- 
ment capability to validate MISR algorithms consistent with the demonstrated 
sensitivity of each MISR surface and aerosol retrieval strategy 

Implementation of retrievals based on MISR algorithms using the calibrated air- 
craft simulator data 

Comparisons of  ground-based  and simulator -based results and analysis of errors 
and biases 

Intercomparison campaigns with other EOS-related validation field programs 
(SCAR-C)  and network or local observations (AERONET, ISIS, ARM site, 
Oklahoma). 

Postlaunch product validations  using aircraft simulator underflights, field cam- 
paigns, retrievals from other EOS sensors at particular sites. 

Postlaunch sub-grid point determinations of aerosols, ozone, water vapor abun- 
dances, RH determinations for comparison with  MISR  assumed values. Such 
campaigns may be carried out at stations such as AERONET where other stan- 
dard measurements are carried out (e.g., Dobson or Brewer Spectrometer obser- 
vations of ozone column abundances). 

At present the aerosol and surface reflectance program excludes validation of 

(1) Ocean surface BRDF descriptions, Cox-Munk  wave facet model, foam and 
white-cap models 

(2) Cloud masks as well as TOA cloud albedo, RLRA and azimuthal model studies. 
These properly belong  under the Cloud Validation Activity, Part I1 of the present 
plan 
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Assumptions of the MISR  aerosol climatology and the climatology itself except- 
ing comparisons resulting directly from full field measurement campaigns. 

SMART Dataset entries excepting comparisons resulting directly from field 
measurement campaigns where full radiatively consistent models are derived 
from the MISR  ground  validation  activity 

Other ancillary data sets used in the MISR retrievals excepting comparisons re- 
sulting directly from field measurement  campaigns. 

Calibration or validation exercises that may be required for other EOS or specific 
satellite sensors (e.g., MODIS, ASTER,  POLDER,  ATSR-2, or MSX). 

Validation of data assimilation  areal-average predictions of the water vapor dis- 
tribution by  weather  models  used for RH determinations. We simply plan to 
make local measurements and compare with  MISR input values. 

At launch, retrievals of  LA1  and  fAPAR for vegetation canopies 

At launch, retrievals over bright  homogeneous targets such as  snow and ice. 
However continuing efforts to secure algorithm validation sets in conjunction 
AirMISR will be carried out in the postlaunch time frame. 

See Part 111: TONCloud Algorithms  and Products for a discussion of some of these points. 

4.2.2 Approaches to aerosol  product  validation 

The aerosol and related geophysical parameters are summarized in Chapter 5, Table 9. 

Two main approaches to algorithm and product validation are possible: (1) field experiments 
of short duration at specific sites that seek to isolate aerosols of given characteristics cast against 
chosen surface reflectance backgrounds, and  (2) long term comparisons of ensemble averages of 
aerosol optical depth and properties gathered at permanent maintained installations instrumented 
as to make measurements automatically over time. These latter intercomparisons will carry the sta- 
tistical strength of large numbers of observations from both ground-based and MISR-derived path- 
ways. A third approach that will evolve is thorough knowledge of sources of error in the ground- 
based measurements and  methods of data reduction. 

Pre-launch algorithm validation objectives will  be accomplished by conducting field exper- 
iments involving ground-based  measurement campaigns coordinated precisely with overflights of 
aircraft-borne MISR simulator instruments e.g., AirMISR. Such experiments will be carried in a 
limited time frame seeking clear weather  and  uniform, stable atmospheric conditions and homo- 
geneous or inhomogeneous surface targets to maximize probability that physical conditions under 
which the algorithms being tested are proper. The aerosol evaluations will be done at the local scale 
as evaluated from time series data on aerosol optical depth at ground stations and spatial variability 
as evaluated from scatter in AirMISR retrievals. 
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In postlaunch time, radiance data from the MISR instrument itself and the derived geophys- 
ical parameters obtained via the MISR  pathway, are of principal interest. The aerosol validation 
data sets now expand to include: (1) those acquired from AirMISR underflights and field cam- 
paigns at a small number  of specific sites and times. These include local measures of a radiatively 
consistent aerosol model plus ground BRF data, (2) time series of observations from the extensive 
AERONET and ISIS ground network stations. The long term properties returned from (1) include 
aerosol optical depths and aerosol microphysical properties (local aerosol climatologies), and from 
(2) the surface spectral diffuse and direct irradiance.  Validation  of  the  MISR aerosol products and 
ancillary data will thus compare statistical distributions from ground-based retrieval and retrievals 
for a site acquired from multiple MISR overpasses. The issue of horizontal scale for application of 
data from any CIMEL or ISIS station needs to be evaluated on a case-by-case basis. The present 
world-wide distribution of AERONET stations, both permanent installations and seasonal, is 
shown in Appendix A, Figure 1. The present distribution of SURFRAD stations with MFRSR in- 
struments is also shown in Appendix  A, Figure 2, along  with the continuous ARM-CART site and 
intermittent MISR-JPL station. 

In pre-launch and in post-launch  time comparisons between time series values at selected 
network stations and retrievals based on AirMISR  measurements  will also be carried out to test the 
feasibility of the intercomparison approach. One such site will constitute a MISR Local Mode site 
established at Jet Propulsion Laboratory. The JPL AERONET station data for this specific location 
will be downloaded locally and  passed  through the MISR retrieval pathway as opposed to the God- 
dard AERONET pathway. 

An important issue already alluded to for aerosol validation in both pre and post launch time 
frames is that of  scale. MISR seeks to report aerosol products at the scale of 17.6 km, whereas field 
experiment data and automatic station data pertain instantaneously to a scale of a few Eun. There 
are three possible ways in which the scaling-up issue may  be approached: (1) use local networks 
of ground stations, interpolating and or averaging the results, (2) use AirMISR to supply larger 
scale footprint data (- 10 km) validating  locally the MISR-like retrievals from AirMISR using 
ground data, then averaging to the 10 km scale, (3) use time series retrievals from single ground 
stations, averaging over time as a measure of the spatial variation (Taylor-like hypothesis). Meth- 
ods (2) and (3) will be carried out at selected sites. Method (1) will be employed wherever local 
networks can be established. These network applications will be limited because of fiscal con- 
straints and availability of instruments. 

4.2.3 Validation  of  MISR-calculated  surface  irradiance 

Downwelling flux at surface (irradiance) and  upwelling flux (radiant exitance). These are 
calculated for a site from the MISR-retrieved aerosol properties using a radiative transfer model 
during the MISR reductions. These are termed  here intermediate radiation quantities since they 
are calculated in process of obtaining surface HDRF and BRF and  BHR. These quantities are sum- 
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marized in Chapter 4, Table 8. Validation of the intermediate quantities is simply direct compari- 
son of the MISR-calculated quantity at a maximum resolution of 275 m, and its direct measurement 
at a local site. The local sites will consist of local-mode MISR retrievals at pixel size (order of 
250 m) These measurements may be carried out in cooperation with other groups using a local net- 
works of stations involving MFRSR instruments to provide a local spatial average of incident ir- 
radiance. The MFRSR instruments will also operate as part of the NOAA  ISIS network. The ISIS 
stations are widely separated geographically. Long time series measurements of incident spectral 
irradiance and radiant exitance are available from one collocated pair of  MFRSR (diffuse-direct) 
radiometers at one tower location at the SGP ARM site and at stations forming SURFRAD that 
focus on surface radiation balance. The irradiance measurements described will also be used for 
long-term statistical comparisons of surface and  MISR retrievals. A Local Mode MISR site at Jet 
Propulsion Laboratory will provide a time series of downwelling diffuse and direct irradiance mea- 
surements as well as optical depth with the MFRSR. Optical depths are retrieved from global and 
diffuse irradiance measurements as described in [26] and [27]. The present distribution of SUR- 
FRAD stations with  MFRSR instruments is also shown in Appendix  A, Figure 2, along with the 
continuous measurement ARM-CART site and intermittent MISR-JPL station. 

4.2.4 Validation of Bidirectional  Reflectance  Factor  (BRF)  and  related  quantities 

The BRF and related quantities are summarized  in Chapter 5, Table 9. PARABOLA I11 mea- 
surements are taken as the basis for ground-based BRF retrieval, the calculation of HDRF and 
BHR and the validation of all three quantities. The simplest strategy is direct comparison between 
the BRF/HDRF derived from the multi-angle  measurements of AirMISR for a site with surface and 
sky radiance measurements of the same site supplied by  PARABOLA 111. The BRF is obtained 
from AirMISR and MISR measurements by the use of parameterized BRF models (in particular 
the Martonchik-Raman-Pinty-Verstraete (MRPV) three parameter model). The MRPV model 
evaluations will be compared to BRF determinations directly from PARABOLA I11 measure- 
ments. The  BRF is obtained from PARABOLA 111 data by solution of the fundamental integral 
equation describing reflection of diffuse and direct incident light at the surface. The  BRF data ob- 
tained from the ground will also be fitted to  the  MRPV model for comparison of the parametric fits 
and evaluation of uncertainties. In particular experience has proved that the integral equation ap- 
proach is most successfully applied to data from smooth targets (such as dry playas, possibly 
grassy cover), whereas a model fitting procedure can best be applied to inhomogeneous terrain 
such as scrublands. 

An important issue for the BRF comparison is expansion of local ground measurements to 
the 1.1 km scale reported by  MISR.  PARABOLA can deliver observations detailed surface obser- 
vations at angular FOV  of 5" over surface areas up to a few hundred meters in diameter. Local di- 
rect comparisons are therefore possible at  the Local Mode scale of MISR pixels. Some simple 
scaling methods involving use  of  normal incidence HDRF measurements  made  with a portable 
(ASD) spectrometer are being investigated to help extrapolate PARABOLA measurements to larg- 
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er scale. This should be successful if the  normal incidence HDRF is largely independent of surface 
albedo. Extrapolations to 1.1 km will also be carried out  using  AirMISR, evaluating the local com- 
parisons at AirMISR resolution with  PARABOLA. 

Seasonal measurements of BRF at selected vegetation sites will be attempted to help support 
investigations of retrievals of seasonally dependent biophysical variables (LAI, WAR, NDVI, wa- 
ter content, ground reflectance). 

Long time series of surface properties that range over seasons between MISR  and ground 
measurement with PARABOLA In type instruments will be limited. The present BRF validation 
strategy focuses on intermittent measurements at specific sites, possibly implemented with towers 
or cherry-pickers, to get above tall canopy structures of large (tall) stature. BOREAS (see [72]) 
is one such experiment site that has been  used over deciduous and needle forests. That site can be 
occupied intermittently over the years as resources permit. A crane facility is now operational over 
old growth needle forest in Wind River Forest, Washington, which can be  used for both above- and 
within canopy studies down to ground level. Additional tower facilities may be built for ecosys- 
tem and other EOS validation activities as part of an EOS-wide test site validation program [81] 
but these sites have yet to be defined or constructed. These facilities will be utilized as  they become 
available and/or aircraft and field exercises permit. 

4.3 INPUTS 

4.3.1  MISR  Level 2 Products 

For actual validation experiments, Level 2 AerosoUSurface [M-4],  [M-5] and TONCloud 
LM-21, [M-3] products will be imported for comparison with  ground and MISR simulator based 
retrievals. These products both at local mode and full MISR scale, will be selected based on their 
space and time correlation with field experiments and observations made by network instruments. 
Data will be selected and ordered using the ECS Client software, which provides the user interface 
to EOSDIS. 

In addition to the Global Mode data from standard products generated at the DAAC, Local 
Mode products produced at the MISR SCF will also be compared to the validation products. 

43.2 Ancillary  Data Sets 

ACP, TASC and SMART [M-6] data sets, available at the SCF, will be utilized in compari- 
sons of ground and MISR or MISR simulator based retrievals. 

4.3.3 External Data 

While most  of the MISR field experiment types  shown in Table 6 are capable of providing 
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local validations of MISR geophysical parameters,  we will take advantage of other, non-MISR, 
sources of field data in both the prelaunch  and postlaunch validation phases. These sources include 
the ARM, AERONET and ISIS instrument networks. Additional stations from other long-estab- 
lished networks and data sources compiled from them (e.g., the Global Energy Balance Archive, 
GEBA, [60], [59] and IMPROVE network [ I  71, [47],  [48] will also be employed. These all apply 
principally to the post-launch era. 

4.4 ACTIVITIES 

4.4.1 Field  Experiments 

Field validation campaigns for MISR involve coordinated ground-based measurements of 
atmospheric, aerosol optical and surface reflectance properties at selected field targets, combined 
with overflights of AirMISR. The field measurement campaigns and timing correspond to geo- 
graphic locations where aerosols and surface reflectance conditions most relevant to MISR clima- 
tologies are likely to be found. The ground-based optical measurements are used to characterize 
radiatively and derive the aerosol model before, during and after the  time  of overflight. Ground 
measurements of the full downwelling sky and  upwelling surface directional radiances are made 
for calculation of target bidirectional reflectance factors. These are carried out with the specially 
constructed sphere-scanning radiometer (PARABOLA III). Ground-based measurements of 
downwelling spectral irradiance are performed  using a single MFRSR instrument. These measure- 
ments are used for comparison of the spectral irradiances calculated from a radiative transfer code 
as part of the ground-based portion of radiative closure experiments  and also as part of the MISR 
surface/aerosol retrieval. 

The aircraft simulator (AirMISR) performs multi-angle multi-azimuth passes over the target 
area, the first pass coinciding in time and direction with the local expected MISR ground track and 
sun angle, and subsequent passes, six  in all, in six azimuths that characterize the emergent radiance 
in the nine MISR view directions and four wavelengths. The additional passes are in the solar prin- 
cipal plane and approximately normal to that  plane. The additional passes help characterize both 
aerosol scattering properties over an  increased range of scattering angles, and the ground reflec- 
tance over additional azimuth directions relative to Sun incidence direction. A complete field ex- 
ercise with the simulator includes a vicarious ground-based calibration of the simulator in-flight 
(as opposed to the laboratory calibration), although for reasons of logistics and timing, may be car- 
ried out on separate days. 

Simultaneous direct aerosol sampling from ground and by aircraft perhaps along vertical 
profiles are desirable if available in order to extract connections between remotely determined 
quantities and directly measured ones. But for reasons of fiscal and  manpower constraints are not 
the primary focus of the aerosol validation program. Collocation of ground stations making direct 
aerosol scattering, size, and chemistry measurements  will be sought when possible. such a net- 
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work, the IMPROVE network,  has  been  mentioned. Direct aerosol sampling by aircraft throughout 
the atmospheric column are thought to be the best way to characterize the aerosols present. Local 
measures with lidars may be carried out, especially at JPL and at ARM, sites where these instru- 
ments operate on a regular basis. 

While most measurements needed for constraint of experimental conditions locally are 
made routinely as part of field campaigns, additional important observations will be imported as 
available, for example: 

Ground-based scattering measurements  by  nephelometry or chemistry and size 
from Air Quality Management labs or individual investigators 

Aircraft data on direct aerosol measurements 

Lidar measurements on backscatter coefficients and vertical structure of aerosol 
loading 

Nephelometer measurements of aerosols at  the surface 

Ocean mooring data on  wind speed, direction and  wave characteristics 

Downwelling / upwelling water spectral radiance measurements 

Weather records and air mass trajectories, 

Radiosonde profiles of moisture and temperature 

Calibration, dark current, vignetting correction files from ASAS or AirMISR 
laboratory calibrations. 

Algorithm  and  Software  Development 

Except where noted, well-tested conventional ground-based algorithms will be used to re- 
trieve MISR geophysical parameters from surface measurements made in the field. These algo- 
rithms are fully described in tM-71, including modifications that form the augmented aerosolhur- 
face retrieval procedures. Parameter retrieval from MISR simulator measurements and MISR itself 
will be performed using the Level 2 AerosoVSurface algorithms. 

Software and procedures will be  developed  that implement the conventional and MISR al- 
gorithms and that create the products needed to compare  and evaluate various retrieved MISR pa- 
rameters. An incremental approach is being  used to developing the validation software. This ap- 
proach allows new  and existing field campaign data to be reduced even while the system is being 
developed. 

The purpose of the validation software is to provide a complete, integrated tool for process- 
ing field experiment measurements, measurements from network sites, and MISR simulator mea- 
surements, and generating the corresponding validation  parameter subsets. This processing will in- 
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corporate external data and assumptions as  specified in the SRD IM-91 reflecting the relevant AT- 
Bs. The software will facilitate comparison and evaluation of the generated parameter subsets. 

Many of the algorithms used in MISR  validation are tested and verified through the imple- 
mentation of prototype codes. Most of the retrievals done from ground-based instruments are cur- 
rently performed with these codes as follows: 

Table 7: Ground-based  Instrument  Retrieval  Codes 
~ ~~~~~~ ~~ 

Instrument Retrievals 

Reagan Aerosol optical depth 

MFRSR 

CIMEL 

Diffuse-to-direct irradiance ratio 

Almucantar and principal plane radiances 

I PARABOLA 111 I Surface reflectance BRDF I 
I ASD I Surface reflectance spatially averaged  over  flight sensor I 

The MISR validation team will make use of a multi-instrument approach in order to provide 
for the retrieval of aerosol and land surface products, and top-of-atmosphere radiances, as derived 
from in-situ instruments. Figure 4 depicts these instruments (shown  with rectangular boxes with 
rounded edges), output products (square boxes), and processing flow (codes are depicted with 
ovals). Going from the lower left corner of the figure, we can describe each of these elements in 
turn: 
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A sun-tracking radiometer ("sunphotometer") provides for the optical depth 
components, including the  aerosol optical depth, as a function of time-of-day. 
The Reagan instrument is our baseline sunphotometer. If there is an aircraft of 
satellite overpass, we extract the components measured at that time  of day. 

We make use of a the ASD field-portable moderate resolution spectroradiometer 
to provide a measure of the surface BRF for a nadir-view angle. Data are spatial- 
ly averaged over a ground footprint equivalent to the spatial scale of interest - 
i.e. the sensor to be validated or calibrated. 

The PARABOLA I11 relative surface BRF data are applied to the ASD retrievals. 
These extend our surface reflectance inputs to the  MISR or AirMISR  view an- 
gles. 

The CIMEL and MFRSR  sky-viewing radiometers are used to define the aerosol 
properties se.g.,  the effective column single scatter albedo and scattering phase 
function. The radial size distribution functions and  complex refractive index are 
adjusted and input into a MIE and radiative transfer codes. An aerosol model is 
established when  agreement  between the measurements  and code output radi- 
ance and irradiance is found. 

Once this type of radiative closure is obtained, e.g., between the code outputs 
and measurements, an aerosol model, surface reflectance function, and  top-of- 
atmosphere radiances are delivered as data products which result from the exper- 
iment. 

Development phases for the validation product generation system include requirements anal- 
ysis, system design, grototypinghmplementation, testing, documentation and maintenance. Func- 
tional requirements are derived from the algorithms defined in the Science Data Validation ATB 
[M-7]. Data products are created in Hierarchical Data Format (HDF) and will be archived at the 
Distributed Active Archive Center (DAAC)  at Langley Research Center (LaRC). The system also 
produces full, browse and thumbnail size Graphical Interchange Format (GIF) images. 

Materials that will be delivered from the Software Development Engineer to the validation 
team include the following: 

Machine-readable source code listing, with embedded comments, for all pro- 
grams, scripts, and program building. 

Automated procedures to compile, link and execute the programs. 

Module architecture description, expressed in the form of data flow diagrams 
(DFD's) and structure charts. 

A description of the  mapping of code units into the major transformational steps 
specified in the ATB. For large or complex units, a second-level DFD showing 
processing steps is desirable. 

A description of the development environment, e.g., machine type, operating 
system and version, and  programming languages. 
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(6) Software User Guide indicating how to set up and operate the software. 

(7) Test data and procedures. 

4.4.3 Data  Reduction 

Data reduction begins when  raw instrument data arrives at the  MISR SCF. These data are 
stored in a dedicated area known as the MISR  Validation Data Archive. Raw data typically requires 
interactive filtering and/or formatting prior to use  by retrieval codes. Filtering includes exclusion 
of data during periods where clouds or other obstructions blocked an instrument aperture and sep- 
aration of calibration and data points. Reformatting of data is currently required due to differences 
between the PC-based programs which do the data acquisition from the instruments and the UNIX 
codes used for data reduction. 

Validation parameters are currently retrieved using separate codes for each field instrument. 
An integrated retrieval method is under development using  an iterative technique which will per- 
form ground-based Level 1 and Level 2 retrievals simultaneously. 

4.4.4 Retrieval  Comparison 

These retrievals must be compared and evaluated against several criteria (e.g. results of error 
analysis) to determine if the validation  was successful or to identify the cause of the discrepancy. 

4.5 OUTPUTS 

As indicated in Figure 2, several outputs from the validation process will be archived at  the 
DAAC including ground and aircraft measurements,  ground  based retrievals, MISR simulator re- 
trievals, TOA radiances, other aircraft based retrievals and experiment reports. These outputs will 
be aggregated into various products described  in [M-8].  

4.5.1 Ground  and  Aircraft  Measurements 

Raw data from ground  and aircraft instrument measurements constitutes an intermediate out- 
put of each field experiment. These data fall in three major categories. 

Ground  measurements - Solar, sky and ground spectral radiances (Reagans, 
MFRSR, CIMEL, PARABOLA 111, GER,  ASD), meteorological data, 
nephelometry, direct aerosol sampling 

MISR  simulator  measurements - Multi-angle spectral images (AirMISR). 

Other  aircraft  measurements - Spectral atmospheric extinction (ATS), mete- 
orology, aerosol/cloud properties, radiometry  (C-13 1 A), aerial photographs 
(RC-lo), nadir-viewing spectral images (AVIRIS). 
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4.5.2 Ground-based  Retrievals 

Measurements by  the  ground  based instruments using will be reduced using conventional al- 
gorithms to determine the following parameters: 

Reagan  sunphotometers: aerosol spectral optical depth, ozone optical depth, 
column abundance of water 

MFRSR: imaginary part of the aerosol refractive index and an average Lamber- 
tian surface reflectance. Also used to provide separate local spectral irradiance 
and radiant exitance observations for estimates of local spectral BHR. 

CIMEL: aerosol spectral optical depth, aerosol scattering and absorption prop- 
erties 

PARABOLA 111: hemispherical directional reflectance factor (HDRF)bidirec- 
tional reflectance factor (BRF), hemispherical directional reflectance (HDR) and 
bihemispherical reflectance (BHR) 

GER: spectral bidirectional reflectance and atmospheric transmittance 

ASD: average reflectances of large natural target areas 

Albedometer: the albedometer provides total surface irradiance and radiant ex- 
itance for separate evaluation or for calculation of local BHR (albedo). 
AirMISR retrievals 

MISR algorithms will be used to retrieve the following parameters from flight instrument 
and simulator (AirMISR) data products:  aerosol optical depth, hemispherical-directional reflec- 
tance factor (HDRF), bihemispherical reflectance (BHR), bidirectional reflectance factor (BRF), 
directional hemispherical reflectance(DHR), PAR - integrated BHR and DHR  and reflecting level 
reference altitude (RLRA). 

4.5.3 Other  Aircraft  Based  Retrievals 

Measurements by other airborne instruments will  be  used to determine the following param- 
eters : 

(1) AVIRIS: multispectral images  and  near  TOA calibrated radiance measure- 
ments. 

4.5.4 TOA  Radiances 

Vicarious calibration of both AirMISR as well as the MISR instrument itself require respec- 
tively near TOA (top of atmosphere) or TOA radiances. These can  be calculated using an RTC 
employing the following methods and independent field measurements: 

Method I: Regular reflectance based 
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(1) Surface reflectance measurements  via  PARABOLA 111 and ASD 

(2) Measurements using CIMEL, REAGAN,  and  MFRSR to secure aerosol abun- 
dance together with absorptiodscattering (single scattering, phase function) 
model 

(3) Use RTC to calculate TOA radiances with (1) and  (2) 

Alternatively the radiative transfer code is solved for TOA radiance from: 

Method 11: Radiance propagation method 

(4) Measurements using  CIMEL,  REAGAN,  and  MFRSR to secure aerosol abun- 
dance together with absorptiodscattering (single scattering, phase function) 
model 

(5) Direct measurement of surface-leaving radiance at all exit and azimuth angles 
using PARABOLA III 

AirMISR aboard the ER-2 flies at an altitude of 20 km, close to but  not  at TOA. The stan- 
dard RTC employed for all ground-based retrieval work, has been modified to calculate within at- 
mosphere AirMISR upwelling radiance. 

Validation field campaigns will make the necessary field measurements  to provide as inputs 
to the RTC which will be used to calculate within atmosphere as well  as directional TOA radiances. 
These radiances are supplied to the IFRCC subsystem for use in vicarious calibration. 

The second method  named here the radiance propagation method  will employ ground leav- 
ing radiances measured by  PARABOLA. These surface leaving radiances are propagated through 
the atmosphere using the RTC  and the derived atmospheric model. This step bypasses the need to 
calculate surface BRF, hence replaces a derived (BRF) with a measured (surface leaving radiance) 
quantity in the model. This method places the burden of accurate radiometric calibration on the 
PARABOLA instrument. 
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Method 111: Radiance-based 

(6)  An alternative to use  of a radiative transfer code and field measurements of the 
atmosphere and surface, is the so-called  radiance-based  method which involves 
direct measurement of the upwelling TOA (or  near  TOA) radiance by a well-cal- 
ibrated spectral radiometer operating from an aircraft platform close to the top 
of the atmosphere. Two such instruments will  be employed for radiance-based 
calibration of MISR, namely  AirMISR  and  AVIRIS. This places the burden of 
accurate radiance measurement on AirMISR. This issue continues to be the sub- 
ject of investigation. At issue is the radiometric stability of AirMISR in flight 
compared to laboratory calibrations, plus state of knowledge of aircraft and in- 
strument orientation, airspeed, flight altitude, in short not only radiometric Cali- 
bration, but also the  head  scanning rate and geometry. When verified, these ra- 
diances are also supplied to the  IFRCC subsystem for use in vicarious calibra- 
tion. 

4.5.5  Experiment  Reports 

Each experiment will be documented in  an experiment (or campaign) report which will be 
archived at the DAAC  along  with other validation outputs. The report will include: 

Experiment objectives 

Site selection criteria and descriptions 

Ground based instrumentation used 

Aircraft instrumentation employed, Description of measurements, including 
MISR data if applicable, calibration data. 

Results, including description of parameter retrievals 

Conclusions, including results of retrieval comparisons 

Peer  Reviewed Publications 

Results and conclusions from these experiments will  be published in the open literature. 

4.6 SCHEDULE 

The schedule for MISR aerosolhrface validation activities is shown in Table 8 in terms of 
several categories of milestones and the time periods  in which they  will be achieved. 
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5. VALIDATION  RETRIEVALS 

5.1 VALIDATION  ALGORITHM  THEORETICAL  BASIS  DOCUMENT 

The purpose of the Science Data Validation ATBD [M-7], a document separate from the 
present Plan, is to provide a specification of the science/physics  and mathematical formulas in- 
volved in converting instrument measurements into data sets that provide specific parameters, or 
that can be used for further processing such as  the  RTC. The document is restricted to consider- 
ation of aerosol and surface parameters, except for cloud height, speed, and cloud motion direction 
that can be dealt with  by simple photographic/stereoscopic methods. Other closely-related MISR 
ATBD’s are listed in Section 1.4. 

The Science Data Validation ATBD  provides: 

(1) A description of the validation concept 

(2) A formal documentation of the data, algorithms, and software used  in the vali- 
dation process 

(3) A document by  which the algorithms can be reviewed, e.g., by the EOS Science 
Peer Review Board 

The Science Data Validation  ATB also contains: 

(1) A brief characterization of the validation strategy, including references to other 
works. 

(2) A description of the validation products relevant to (i) the surface/aerosol mod- 
els, (ii) the vicarious calibration of AirMISR  and MISR, and (11) MISR data 
product validation. 

(3) A description of the input data, namely those data required from MISR, 
AirMISR, field instruments, together  with ancillary data sets. 

(4) A discussion of the instrument characteristics and Level 1 processing of the in- 
put data, where appropriate. 

(5) The theoretical basis for algorithms used  in deriving validation products, includ- 
ing assumptions, limitations, caveats. 

(6) A description of the software implementation for validation algorithms, includ- 
ing limitations, 

(7) A description of steps that  will be taken  to assess errors in recovered surface/ 
aerosol models, and  how such errors are accounted for in product validation data 
products for AirMISR  and  MISR. 
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Table 9 summarizes all of what  will be termed  here intermediate radiation quantities that are 
calculated as part of  MISR standard processing for the retrieval of surface reflectance parameters. 
The intermediate quantities result from use in an RTC of the preferred MISR-retrieved aerosol 
model or models. Table 10 summarizes the  MISR Science Data Validation Parameters described 
in the following sections. Note that some activities related to cloud height and cloud motion deter- 
mination have been retained, these to help assess windspeeds  aloft in assessment of bulk airmass 
motions. 

For descriptions of methods of aerosol, surface, and calculation of surface radiation retriev- 
als employed with MISR observations refer to tM-21, lM-31, [M-4]and [M-5]. 

5.2 RADIATIVE  TRANSFER  CODE 

The one-dimensional radiative transfer code MRTC  used in MISR validation work is  based 
on the discrete ordinate matrix operator method of  [25]. The associated atmospherehurface model 
is described by the number of atmospheric layers, the optical properties (aerosol and Rayleigh- 
scattering optical depths, phase functions, and single scattering albedos)  of each layer, the surface 
directional reflectance characteristics (analyticallempirical models or measurements), and the alti- 
tude of the aircrafthpacecraft observations. In its current configuration the code computes the di- 
rect and diffuse components of the radiance fields and associated fluxes (irradiance and radiant ex- 
itance) at both the surface and the aircrafthpacecraft altitude and the sky and surface leaving radi- 
ance in arbitrary directions. These results allow a direct comparison to measurements from the 
various ground-based instruments, from the  MISR aircraft simulator AirMISR, from AVIRIS, 
from MISR itself. The code can also be used to process ancillary retrieval algorithms employing 
ground-leaving and sky radiances to derive full bidirectional reflectance factors for the surface 
from PARABOLA measurements. The code has been  benchmarked  and verified against a second 
code based on the adding-doubling method of  [24]. The results obtained  by the two codes agree to 
within 0.1%. 

5.3 RETRIEVALS OF RADIOMETRIC  QUANTITIES 

5.3.1 Direct solar irradiance at the  surface 
5.3.1.1 Field determination 

The time-dependent direct solar irradiance is determined in the field from Reagan and CI- 
MEL sunphotometer measurements, from global irradiance measurements  with the MFRSR  by 
subtraction of the measured diffuse incident component, and from selected observations with the 
sphere-scanning radiometer PARABOLA 111, e.g., in the latter case, those sky hemisphere pixels 
that include the Sun in its entirety. The irradiance is reported at a variety of wavelengths charac- 
teristic of the instruments employed (See Chapter 7). The direct measurement ordinarily assumes 
that the diffuse component contributed by  the solar aureole is negligible. This may not always be 
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the case, e.g., for heavy aerosol burdens such as smoke. The direct measurement obtained from the 
diffuse-direct instrument (MFRSR) is a derived  quantity and is sensitive to the magnitude of the 
diffuse correction, which must therefore be determined accurately. The direct component mea- 
sured with the MFRSR is also dependent upon a laboratory measured cosine-correction function 
supplied by the manufacturer. This function, which  varies  with  both zenith angle and azimuth, can 
be a source of error in retrieval of the direct component  if the function is not accurately measured 
and the instrument accurately leveled and  oriented  with respect to north in the field (few tenths of 
a degree). The cosine correction function is periodically remeasured by the manufacturer and has 
for MISR purposes been determined at eight regularly spaced azimuths rather than the usual four. 

5.3.1.2 MISR value 

The direct irradiance is calculated from the retrieved total optical depth. 

5.3.2 Diffuse  solar  irradiance  at  the  surface 

5.3.2.1 Field determination 

The diffuse irradiance field at the surface including multiple reflections between sky and 
ground is determined directly from field measurements  using the diffuse-direct (MFRSR) radiom- 
eters. The diffuse irradiance is reported at  six  wavelengths characteristic of such instruments. Ra- 
diometric calibration of the  MFRSR is preferably carried out in the field using the Langley method 
for determination of zero airmass instrument response (V,); a more accurate calibration of the dif- 
fuse component (accurate to 1 % absolute for a new calibration) is performed  by the manufacturer. 
This NIST traceable recalibration NIST  is  carried out in the laboratory by the manufacturer using 
an integrating sphere. An average value for the solar exoatmospheric irradiance over the instru- 
ment bandpasses is required to recover instrument calibration constants for each channel in terms 
of solar irradiance units. The instrument filter functions but  not the spectral response functions are 
supplied by the manufacturer and are used for this purpose. 

The diffuse spectral irradiance at the surface is also determined using PARABOLA I11 by 
integration over the sky hemisphere of the measured incident spectral radiance by interpolation to 
Gauss points in the sky hemisphere. 

5.3.2.2 MISR value 

The diffuse irradiance is calculated from the retrieved aerosol model coupled with the re- 
trieved surface BHR. 
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5.3.3 Total  irradiance at the  surface 

5.3.3.1 Field determination 

The total (global) irradiance at the surface is measured directly by  an  MFRSR instrument, 
and approximately from PARABOLA 111 sky observations by integration over the sky hemisphere 
of the measured incident sky radiance. The measurement includes contributions from multiple re- 
flections between sky and ground. The measured radiances also include both solar aureole and di- 
rect solar components. 

5.3.3.2 MISR value 

For MISR, the total position-dependent irradiance Ex,,(po) at the surface for given solar ze- 
nith angle is calculated using: (1) the locally retrieved aerosol model and optical depth obtained 
from the MISR aerosol retrieval, (2)  the  calculated local bihemispherical reflectance for non-iso- 
tropic incident radiation (BHR), the black surface irradiance (Eb), and (3)  the bottom-of-atmo- 
sphere (BOA) bihemispherical albedo for isotropic incident radiation ( s ) .  The irradiance is given 
by  a highly-accurate approximation as the ratio of black surface irradiance to one minus the prod- 
uct  of the local bihemispherical reflectance and the BOA bihemispherical albedo. 

5.3.4 Radiant  exitance  from  the  surface. 

5.3.4.1 Field determination 

The radiant exitance is determined by integration of projected surface-reflected radiances 
measured with PARABOLA I11 over the  downward-looking hemisphere. The radiant exitance may 
also be inferred from direct measurements  by inverting the MFRSR radiometer head to view  the 
downward hemisphere. 

5.3.4.2  MISR determination 

For MISR the radiant exitance is determined from an integration of the calculated projected 
surface reflected radiance over the upward hemisphere. 

5.3.5 Surface-incident  radiance 

5.3.5.1 Field determination 

Measured at a point using  PARABOLA III. Includes multiply scattered radiation between 
sky and ground. 
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5.3.5.2 MISR determination 

MISR does not report values for the multiangle surface-incident radiance, but this can be cal- 
culated for the aerosol and surface BRF models  adopted  based on MISR retrievals. These radiances 
are calculated as part of the surface retrieval package. 

5.3.6 Surface-leaving  radiance 

5.3.6.1 Field determination 

The surface-leaving radiance is measured in the field using  PARABOLA 111. The extent of 
the surface area covered by such observations depends upon the instrument IFOV, height of the 
instrument above the surface and local nature of  the surface topography and atmospheric scattering 
conditions. In practice, topographic conditions and atmospheric attenuation will limit the radial 
distance of the area of coverage, but this area  will  not in general be precisely defined. 

5.3.6.2 MISR determination 

For MISR the surface leaving radiance is determined for the retrieved aerosol model from 
the product of the local BRF times the incident radiance integrated over the upward hemisphere) 

5.4 RETRIEVALS OF AEROSOL  PARAMETERS 

5.4.1 Column  optical  depth 

5.4.1.1 Description 

The total column optical depth is a dimensionless parameter indexing light attenuation 
throughout the entire vertical atmospheric column  and, in the optical region covered by MISR mea- 
surements, is the sum of components due to molecular (Rayleigh) scattering, aerosol scattering, 
and minor gaseous absorptions due to ozone, nitrogen dioxide and  water vapor. To isolate the aero- 
sol optical depth, estimates of the  Rayleigh scattering, gaseous and  water vapor absorptions must 
be supplied. The MISR aerosol optical depth is reported at 555 nm, whereas typically the field- 
derived values are reported at 6 to  10 narrow bandpasses between 390 and 1030 nm. 

5.4.1.2 Total optical depth retrieval using  ground-based measurements 

The total atmospheric optical depth.r: is determined from the ground  using solar radiometer 
observations and the Langley method. This method has been used for many years to determine at- 
mospheric turbidity and is based  on the premise that direct atmospheric transmission obeys Beer’s 
Law. Thus for observations of the direct solar irradiance under uniform stable skies, a plot of log- 
arithmic instrument response versus airmass yields the average total optical depth for each channel 
as the slope the distribution of sample points so obtained. The average optical depth together with 
uncertainties of slope and intercept is determined using conventional least square techniques on 
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sample collections weighted to provide equal airmass increments. Calibration of solar radiometers 
and other field instruments is discussed in Section 7. 

For observations with instruments that determine both global (total) incident irradiance to- 
gether with independent measurement of the diffuse component, the direct irradiance component 
is obtained from the total by subtraction after adjustment for the incidence angle and  a correction 
for angular response of the receiver [26], [27]. 

The average determination of slope for Langley plots (logarithm of response vs. airmass) 
may be made without regard to absolute calibration of the instrument to obtain a day long estimate 
of z if the skies are stable. Generally there are time-dependent changes in abundance of scatterers 
and absorbers present, and knowledge of V, is required to estimate an instantaneous optical depth. 
If V, is known and stable over the day,  then  a  two-point Langley fit may be used to calculate an 
instantaneous optical depth corresponding to the solar measurement at given airmass. This retrieval 
gives the time history of optical depth to coincide with aircraft overflights or MISR overpass. Since 
the instantaneous optical depth retrievals are sensitive to uncertainty in V,, more so in morning and 
evening, the uncertainties will  be reduced by averaging over time intervals around the time of air- 
craft or MISR overpass. 

The separation of aerosol optical depth 7, from ‘c requires determination of the molecular 
(Rayleigh) scattering optical depth zR , the ozone absorption optical depth ‘coz, and the nitrogen 
dioxide optical depth ’cN0, .  Here we  assume  that NO, absorption to be negligible. Also of use is 
the water vapor column abundance, derived from the water  vapor optical depth zw . Recovery of 
each of these components of the total optical depth is described below. 

The aerosol optical depth retrieval according to the Langley method does not depend upon 
the assumption of  a particle shape model for the aerosol components. The column equivalent total 
optical depth is simply derived from the  measured light attenuation relative to the determined in- 
strument response at zero airmass, assuming that the diffuse irradiance from the solar aureole is 
negligible compared to the direct solar irradiance. 

5.4.1.2.1 Standard  column  ozone  abundance 

5.4.1.2.1.1 Description 

The standard ozone column abundance represents combined tropospheric and stratospheric 
components, measured in Dobson units (milliatm-cm). 

5.4.1.2.1.2 Field determination 

The most important absorbing gaseous component in the  MISR spectral region is ozone. The 
instantaneous ozone column abundance is estimated using  the  Chappuis  band absorption repre- 
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sented in the residual spectral optical depth (total optical depth - Rayleigh optical depth). The pro- 
cedure adopted, due to Flittner et al. [20], involves fitting of the aerosol wavelength optical depth 
variation simultaneously with the absorption  band profile of ozone contained in MODTRAN I11 
subject to the constraint that the second derivative of the aerosol spectral profile remain small. See 
[M-7] for details. No special assumption about  variation  of  the aerosol optical depth with wave- 
length or with time is required. The procedure of [20] will be validated against independent de- 
terminations of ozone column abundance carried out either by: single line interferometric measure- 
ments, or (2) comparisons with retrievals from standard UV absorption spectrometers such as Dob- 
son or Brewer. 

5.4.1.2.2 Rayleigh  scattering  optical  thickness 

5.4.1.2.2.1 Description 

The optical thickness of the Earth’s atmosphere due to molecular scattering is proportional 
to atmospheric pressure with  a spectral variation  in  the optical region of approximately h . Used 
to define residual spectral optical depth due to aerosol scattering, and ozone, and nitrogen dioxide 
absorption. 

-4 

5.4.1.2.2.2 Field determination 

5.4.1.2.3 Water  vapor  column  abundance 

5.4.1.2.3.1 Description 

Number of cm of water vapor  present  per unit area in the atmospheric column condensed to 
liquid water. 

5.4.1.2.3.2 Field determination 

Determined from optical depth measurements  at 940 nm  by sunphotometry. The optical 
depth due to water vapor absorption is related to the column abundance of water vapor (gm/cm2). 
The optical depth due to water vapor is derived from the water band transmittance after isolation 
of water absorption from aerosol and  molecular scattering contributions. The MODTRAN I11 at- 
mospheric transmittance code is used to provide the relationship between broad band attenuation 
as measured by the sunphotometers and detailed line by line absorption representing the actual at- 
mospheric absorption. See [M-7] for details. 
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5.4.1.2.4 NO2 absorption 

5.4.1.2.4.1 Description 

A measured stratospheric NO2  abundance is usually expressed as a slant column amount in 
molecules per square cm. The actual vertical column abundance is calculated from the slant col- 
umn abundance by dividing by the airmass. NO2 absorptions  may  be present in the optical depth 
spectra taken during high altitude calibration of sunphotometers and  may  need to be accounted for 
in retrieval of column ozone abundance at such sites. The wavelength of maximum NO2 absorption 
is at 400 nm falling rapidly to both shorter and longer wavelengths. If needed, the absorption spec- 
trum adopted is contained in MODTRAN 111. 

5.4.1.2.4.2 Field determination 

No independent determinations of  NO2 will be carried out. A climatological average value 
of 4.3 x 1015 molecules/cm2 is assumed for NO2 column abundance [29]. 

5.4.1.3 Aerosol optical depth retrieval with  AirMISR 

AirMISR will employ retrieval strategies identical to those of MISR itself. The following 
discusses the MISR strategy from the viewpoint of AirMISR. 

Following MISR, the AirMISR  aerosol retrieval process is implemented using three ancil- 
lary MISR-constructed data sets. The first, the Aerosol Climatology Product (ACP) contains mi- 
crophysical and scattering characteristics of a set of globally representative aerosol types upon 
which the retrievals are based, the specification of mixtures of pure aerosol types that comprise 
candidate models to be used in the retrievals, and a geographical and seasonal measure of the cli- 
matological likelihood of each mixture. The second, the Terrestrial Atmosphere and Surface Cli- 
matology (TASC) Dataset, gives baseline meteorological fields and ozone abundances to be used 
in the absence of real time data for these variables. The third, the Simulated MISR Ancillary Ra- 
diative Transfer (SMART) Dataset, contains radiation fields obtained  by a forward calculation that 
are used to generate the near-TOA equivalent reflectances (radiances). The AirMISR observations 
are compared to these calculated fields case by case to implement the aerosol retrieval according 
to x* criteria. The SMART Dataset is generated  using stratified atmospheric models and aerosol 
models found in the ACP. The calculations are carried out for various relative humidities (RH) of 
the aerosol layer and for a range of assumed aerosol optical depths. The calculations are carried 
out for two surface reflectance boundary conditions representing:  (1) oceans or large dark water 
bodies and (2) a spectrally black surface, which  is  used in the retrievals over land. Further details 
on the ancillary data sets are contained in tM-61. The adopted MISR retrieval approach depends 
upon whether: (1) the viewed region contains dark water or land, (2) the surface contains dense 
dark vegetation, or (3) the land surface is heterogeneous or homogeneous in reflectance. 
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The MISR aerosol retrieval is obtained over 17.6 km regions that are topographically simple, 
free of obscuration, cloud or cloud  shadow contamination, illumination shadowing, and over wa- 
ter, glitter contamination. The aerosol retrieval procedure is described in detail in [M-4]. 

AirMISR will be available for algorithm and post-launch product validation work. Imple- 
mentation of the procedure with  AirMISR is similar to that for MISR itself, except that a smaller 
area is analyzed and the observations and calculations are carried out within rather than at the top 
of the atmosphere. 

5.4.2 Compositional  model  identifier of best-fit  aerosol  model 

5.4.2.1 Description 

For MISR retrievals this parameter specifies the mixture of pure aerosol components in the 
ACP including effects of relative humidity, that provided the best fit obtained comparing 
AirMISR-measured radiances with radiances contained in the SMART Dataset. Both spherical and 
non-spherical aerosol scattering models are included. The MISR inventory of aerosol properties 
is based upon size distribution descriptors imported from aerosol climatologies as reported in the 
scientific literature. The descriptions include both dry  and  wet particle values the latter at specified 
RH. Once a compositional model is determined from the  AirMISR retrieval, the size distribution 
parameter is obtained from the ACP database. 

To provide connections with conditions implied  by application of the AirMISR aerosol re- 
trieval procedure, the following ancillary field measurements will be carried out  as part of field al- 
gorithm and product validation exercises:  (1) Continuous RH  at  ground level, (2) column water 
vapor abundance from solar radiometry as function of time, (3) vertical distribution of absolute hu- 
midity (gm water/cm3) from temperature and RH aloft, obtained  by balloon observations, (4) col- 
umn ozone abundances from Chappuis band-based retrievals. 

5.4.2.2 Comparison of ground-based and MISR-retrieved aerosol optical models. 

The aerosol optical and microphysical properties sought independently from ground based 
optical measurements presently include: (1) estimates of the column equivalent particle size distri- 
bution, (2) column equivalent single scattering phase function, and (3) column equivalent complex 
refractive index; these currently assume spherical homogeneous particles. These quantities are 
used to calculate single scattering albedo, extinction and scattering cross sections, all under  as- 
sumption of the Mie scattering theory. 

A comparison of the field-determined and MISR-retrieved aerosol models will be carried 
out: (1) by a direct comparison of the aerosol  properties  generated from these independent path- 
ways, and (2) by comparison of the downwelling sky radiance and surface irradiance implied by 
the MISR aerosol retrieval generated with  an  RTC  with actual values of these quantities measured 
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by the field instruments. Any disagreement generated by these comparisons outside the uncertain- 
ties associated with each pathway  will  be  classified as a systematic error and used as a basis for 
analysis of the retrieval algorithms and ancillary assumptions for both pathways. Statistical hy- 
pothesis testing will be utilized to assess significance of differences found. 

The instrumentation used for retrieval of particle size distribution by inversion of the spectral 
optical extinction and sky radiance measurements, include Reagan and CIMEL sunphotometers, 
the MFRSR diffuse-direct radiometer, and the sphere-scanning radiometer PARABOLA 111. The 
CIMEL sky photometer in particular is used to characterize the single scattering phase function and 
the particle size distribution from light scattering measurements in the solar aureole and from po- 
larization measurements at one wavelength (870 nm). 

5.4.2.2.1  Relative  Humidity 

5.4.2.2.1.1 Description 

For MISR the relative humidity (RH) is a value corresponding to the boundary layer. 

5.4.2.2.1.2 Field determination 

A capacitance method at ground level using a standard (Davis) meteorological package de- 
termines time history. Aloft, RH is measured as a function of pressure altitude by an atmospheric 
sounder package using capacitance method  (hygristors). 

5.4.2.2.2  Particle  size  distribution 

5.4.2.2.2.1 Description 

These parameters describe aerosol particle size distributions according to specified models 
such as log-normal and power law distributions. These functions give number of particles per unit 
volume per unit radius interval or log(radius interval). The volume distribution, particle volume 
per unit volume per unit radius interval, is  usually  more indicative of multimodal aerosol popula- 
tions, and is thus reported here. 

5.4.2.2.2.2 Field determination 

Effective column values for the size distributions are estimated from inversion of spectral ex- 
tinction, solar almucantar, and principal plane measurements. The retrievals will eventually in- 
clude complete sky hemisphere radiances measured  with  PARABOLA. 

The algorithm of  King, et al. [40] will be employed with essentially instantaneous optical 
depth observations obtained with the Reagan and MFRSR instruments, and thus a time-history of 
the size population will be obtained. This algorithm is a constrained linear inversion on the spectral 
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optical depth alone. These provide  an effective size retrievals applicable to the line of sight air 
path to the Sun., although the MFRSR direct beam irradiance is a quantity derived from the total 
global irradiance by subtraction of  the diffuse sky irradiance measurement. 

The CIMEL observations on the other  hand involve both the solar direct beam but also 
sweep out the complete almucantar and principal plane, and therefore involve a considerable po- 
tential scattering volume of the troposphere in  addition to the line of sight path to the Sun. The CI- 
MEL retrievals depend upon a homogeneous clear sky assumption, and the observations are 
screened to attempt to secure such a condition. Reduction of the CIMEL sky radiance observa- 
tions for size distribution proceeds according to the methodology of Nakajima et al. [58]. 

The CIMEL procedure is divided into two steps. (1) Estimation of the scattering phase func- 
tion of aerosols is carried out by  removing a theoretical estimate of the Rayleigh scattered and mul- 
tiply scattered radiance from the aureole data. To constrain these calculations the total and aerosol 
optical depths are taken as known from the direct beam sunphotometer reductions. An estimate of 
the surface reflectance is employed either from the diffuse/direct reductions or preferably from di- 
rect measurements with PARABOLA 111 and possibly ASD data. (2)  Once an estimate of the total 
scattering phase function is secured and corrected for multiple scattering an estimate of the volume 
spectrum (or equivalently the radial size distribution function) is obtained by inverting simulta- 
neously the total optical thicnkess and scattering phase function estimates. The procedure begins 
with a first estimate of the phase function as  represented  by  the observed almucantar sky radiance 
distribution. Improved estimates of the phase function are obtained  by successive corrections for 
the multiply scattered component until  agreement  between calculated and measured almucantar ra- 
diances are reduced to the noise level in the  data. The limits on radius interval for the retrievals 
have been determined to lie between 0.06-10 pm. 

Except under homogeneous stable atmospheric conditions these determinations (King- and 
Nakajima et ai.-based) are both column equivalent values  that  may differ from the column equiv- 
alent values reported by  MISR both because of viewing geometry and the volume of troposphere 
sampled. The MISR values represent averages in space (over MISR  view angles of 70.5") through 
the aerosol scattering layer, and over time (about seven minuteshcene). 

5.4.2.2.2.3 Surface-based measurements  with integrating nephelometry 

Integrating nephelometer measurements provide multispectral extinction coefficients from 
surface-based stations. These measurements give estimates of the power law exponent (in wave- 
length) in Angstrom's law  which are simply related to the so-called Junge parameter of a power 
law size distribution formula. If the exponent in Angstrom's law is a, then the Junge exponent in 
the radius size distribution law is v = a+2. Nephelometer  measurements will be employed where 
available as further constraints on  column  aerosol properties. 

64 



5.4.2.2.2.4 Aircraft determinations of size distribution 

Aircraft measurements of direct aerosol properties are fundamental in specifying connec- 
tions between remote and directly measured size distributions. The C-131A or other aircraft direct 
measurement will be utilized  whenever available. We will take advantage of direct measurements 
between ground and aircraft determinations by participating in available field exercise where these 
measurements are available. 

5.4.2.2.3 Complex  index of refraction 

5.4.2.2.3.1  Definition 

The complex refractive index of refraction is a fundamental quantity for describing electro- 
magnetic wave propagation in continuous media,  and for scattering by aerosol particles immersed 
in air.  In addition to dimensions (radius for spherical particles) and wavelength of light, the com- 
plex index of refraction determines the particle extinction, scattering and absorption properties of 
particles, in the case of spherical particles according to the Mie theory. The imaginary index deter- 
mines the degree of absorption of light by aerosol particles and hence is a major determinant of 
climatic impact of the presence of aerosols. The complex refractive index is an index of aerosol 
composition, and may be computed from the mass fraction of end-member components in an in- 
ternal mixture with formulas given, for example, by Pilnis [65]. 

5.4.2.2.3.2 Field determination 

This is a column-effective value estimated  at the MISR and closely adjacent wavelengths. 
The imaginary part of the complex index is estimated from modeling of diffuse/direct irradiance 
observations together with the average surface (Lambertian) reflectance. These estimates are used 
in the inversion algorithm for determination of the single scattering phase function and for deter- 
mination of the size distribution (see for example,  Nakajima, et al. [ M I .  Both spectral extinction, 
and solar almucantar measurements are employed. A measured  value of the surface spectral re- 
flectance (possibly non-Lambertian) is also supplied if there is substantial disagreement with the 
value determined from diffuse/direct analysis. Once a phase function and size distribution model 
have been evolved that satisfy (in a least square sense) the solar almucantar radiances, the down- 
welling irradiance is calculated from the code and  compared  to a measured value of the surface 
irradiance (supplied by MFRSR). The calculated irradiance at the surface proves to be largely in- 
sensitive to the real part of the refractive index (and also to the surface reflectance for low turbidity 
conditions), but quite sensitive to the imaginary component. Consequently, the imaginary part is 
adjusted (if needed) until agreement is achieved  between the measured and calculated irradiances. 
With this refined estimate of the complex index, a new iteration is begun to improve the single scat- 
tering phase function model and the size distribution. Finally, a comparison is made between mod- 
el-calculated radiances using this refined aerosol  model and other sky radiance measurements pro- 
vided  by PARABOLA not to this point used in the analysis. Another check is supplied by  using 
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the retrieved size distribution and the aerosol compositional estimate to calculate the total aerosol 
optical depth. Both the sky radiance comparison and  the optical depth comparison just described, 
will be used as figures of merit for the aerosol  model retrieval. 

To summarize, the field observations used involve the following instruments: (1) Reagan 
sunphotometers to obtain spectral extinction, (2)  CIMEL sunphotometers to obtain spectral extinc- 
tion and sky radiance measurements in solar almucantar,  (3)  MFRSR radiometer to obtain sepa- 
rately the diffuse and direct incident irradiances, PARABOLA I11 to measure sky radiance in di- 
rections other than solar almucantar and principal plane, and to supply an estimate of the surface 
non-Lambertian reflectance. 

5.4.2.2.4  Scattering  and  extinction  coefficients 

5.4.2.2.4.1 Description 

The scattering and extinction coefficients represent effective (size distribution weighted) 
column average values for both MISR and field methods. 

5.4.2.2.4.2 Field determination 

The appropriate coefficients are calculated from the field-retrieved particle size distribution 
and the retrieved complex index of refraction using Mie theory. 

5.4.2.2.4.3  MISR  values 

The appropriate cross-sections are established within the ACP as a function of RH using the 
assumption of Mie scattering theory for spheres and randomly oriented spheroids for non-spherical 
aerosols. 

5.4.2.2.5  Aerosol  single  scattering  albedo 

5.4.2.2.5.1 Description 

The effective single scattering albedo is the ratio of the total energy scattered in all directions 
in a single scattering event to the total incident wave energy. For spectral values the wavelength 
interval is taken to be that of the MISR channels, although the field measured quantities are at the 
bandpasses of the sunphotometers and  other instruments employed. The MISR values will be de- 
termined by interpolation between the field-determined quantities. 

5.4.2.2.5.2 Field determination 

The single scattering albedo for the average wavelengths of sunphotometer band passes is 
calculated from the retrieved particle size distribution using inversions on the spectral extinction 
and aureole scattered solar radiance and  the  best retrieved complex refractive index model. 
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5.4.2.2.5.3  MISR  value 

The column single scattering albedo is provided in the ACP for each compositional model. 

5.4.2.2.6 Aerosol  single  scattering  phase  function 

5.4.2.2.6.1 Description 

The single particle single scattering phase function describes the redistribution of energy in 
space resulting from the scattering of a plane electromagnetic wave  by  an aerosol particle. In the 
present context, the particles are assumed to be spherical, homogeneous, and optically isotropic. 

5.4.2.2.6.2 Field determination 

The column-effective aerosol single scattering phase function is derived from solar almucan- 
tar and spectral extinction measurements together  with a radiative transfer code to extract singly 
and multiply scattered aerosol and molecular  components. The radiative transfer calculations may 
employ as first approximations the refractive index and surface (Lambertian) reflectance estimates 
provided by analysis of diffuse/direct ratio observations from the MFRSR according to the scheme 
elaborated by [41] and [42]. The diffuse/direct  values of the reflectance should represent a large 
area average for the Lambertian reflectance, but actual field-measured values of the surface (pos- 
sibly non-Lambertian) spectral reflectance will be supplied by  PARABOLA 111 or ASD observa- 
tions are preferable, if these can be taken as representative of a large area. The principal instrument 
used for determination of the scattering phase function is the CIMEL sky/sun photometer which 
provides the diffuse sky radiance in the solar almucantar  as  well  as the spectral extinction determi- 
nation. These measurements are used  in the inversion algorithm of Nakajima et aZ. [58], which 
estimates the phase function from the almucantar radiance measurements, using the radiance ac- 
tually observed as a function of scattering angle as a first approximation. The radiative transfer 
code is used to estimate the multiply  scattered  component, and by iteration, successive approxima- 
tions are developed. At each stage the code calculates the total solar almucantar radiance and com- 
pares the calculated and measured  values. Iterations continue until a prescribed rss limit, deter- 
mined by sky variability and instrument noise, is achieved. The aerosol single scattering phase 
function is separated from the total scattering phase function (which includes Rayleigh and aerosol 
components together) using formulas given  by  Nakajima et aZ.[58]. 

The aerosol model, which includes composition estimate, size distribution estimate, and the 
phase function estimate is finally checked  by comparison with  other field measurements in a kind 
of closure experiment. In particular comparisons are made with the downwelling spectral irradi- 
ance as measured with the MFRSR,  and the sky radiance pattern in directions other than the solar 
almucantar obtained with PARABOLA 111. Also, from the aerosol model, the effective column 
value of the aerosol optical depth will be calculated and  compared with the observed values. The 
calculation requires an estimate of the effective column size distribution, the effective aerosol ex- 
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tinction coefficient obtained from calculations using Mie theory, and integration over the column, 
in which the particle number distribution is assumed  uniform  with height over the scattering layer. 

5.4.2.2.7 Nonspherical  particles 

5.4.2.2.7.1 Description and distinctive features of scattering 

Nonspherical particles contain surface irregularities (departures from sphericity) on the order 
of the wavelength in size. Such particles are still usually thought of as homogeneous and optically 
isotropic, although no formal calculations of the scattering behavior, like those possible with Mie 
theory for spheres or for spheroidal shapes, are actually carried out here. 

The principal effect on  the phase function of nonspherical particle scattering is to increase 
values of the sideward scattering phase function around a scattering angle of 120"and to decrease 
the overall asymmetry of the phase function. Forward scattering is less affected and remains com- 
parable for spherical and nonspherical cases as described in [45] and [67]. Increased' absorption 
(from calculations) reduces the differences in scattering properties between spherical and irregu- 
larly shaped particles, The degree of linear polarization is reduced over that from Mie particles as 
described in [56]. The effects of particle shape are greatest for dry desert aerosols or dust or unhy- 
drated types of urban origin and less for other  types  having a significant liquid water components. 
The effect of nonsphericity decreases with increasing wavelength. Nonsphericity can lead to un- 
certainty in refractive index using the method  of [87] if the analysis is based on kernels derived 
from Mie theory. Using the radiative transfer and library method of Tanaka, et aZ.[83], Nakajima 
et aZ. [57] found that nonsphericity of dust from so-called yellow sand events leads to much larger 
than expected values for both the retrieved real and imaginary parts of the refractive index. (It may 
be, however, that the higher than expected parts  of the refractive index for such turbidity events are 
due to presence of iron oxides [goethite or hematite] of high complex refractive index (see for ex- 
ample [ I4] )  coating or permeating individual particles and  thus  giving rise to the characteristic yel- 
low  color.) 

Detection of nonspherical particles is under investigation as part of the study of nonunique- 
ness of component properties. For  example, it has  been  shown possible in several simulations to 
match arbitrary radiances with a spherical model, providing a willingness to accept size distribu- 
tions and variation of refractive index with  wavelength  which are nonphysical. That is spherical 
particles seem able to serve as basis functions for representation of observed phase functions, al- 
though the multiplier coefficients might be nonphysical. It is hoped that when investigating radi- 
ance distributions produced  by  non-spherical particles, that principles of parsimony may emerge 
to  judge whether spherical particles form the best fit or not. Currently under development is  an al- 
gorithm in which the phase function and single scattering albedo are estimated by iteration without 
recourse to an inversion kernel assembled from spherical particle phase functions and extinction 
coefficients. Such an approach would  allow greater flexibility in determining presence of non- 
spherical particles. 
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The plan is to use code based upon a T-matrix approach to generation of phase functions in 
the non-spherical case. To assess sensitivity of retrievals to nonspherical particles, such particles 
(ellipsoidal) will be used to generate simulation data sets, from which aerosol properties will be 
inferred using both spherical and non-spherical assumptions. 

5.4.2.2.7.2 Field determination 

For possible presence of scattering by  nonspherical particles, we follow the strategy outlined 
in [34]. This focuses on the characteristic behavior of the single scattering phase function of  non- 
spherical scattering particles around 120" scattering angle in a comparison relative to the phase 
function for spherical particles around  the same angle. Estimates of  the single scattering phase 
function are retrieved from clear sky observations of the solar almucantar radiance using algo- 
rithms of [56], and [58]. Currently all estimates of multiple scattering are carried out under the as- 
sumption that the scattering particles are spherical. 

Two estimates of the phase function at this stage are now available for comparison: (1) that 
derived from the observations after correction for multiple scattering (termed Pa in [34]) and re- 
producing the actual measured almucantar radiance to within the noise of the data, and (2) that de- 
rived from the particle size distribution extracted from the combined phase function and optical 
extinction retrieval assuming spherical homogeneous particles and refractive index (termed Ps in 
6-34]). 

Presently the MISR validation effort does not extend  beyond these analyses of particle shape. 
Several options remain open to provide some check on the actual MISR retrievals. for which a non- 
spherical scattering model is indicated: (1) We will  routinely take the MISR-retrieved aerosol mod- 
el (spherical or nonspherical), calculate the downwelling sky radiance pattern as well as the irradi- 
ance at the surface using a radiative transfer code, and compare with actual observations taken by 
the field instruments. (2) On selected occasions, we  may acquire samples of the aerosol by direct 
sampling from ground or aircraft, for comparison  with ground retrieved model. (This is a proce- 
dure carried out in [34] on individual particles. This option seems  more likely to produce unaltered 
aerosol samples, especially on occasions where dust is a predominant component. 

5.4.2.2.7.3 Distinction  of sphericalhonspherical models using AirMISR 

Observations with CIMEL limit the maximum scattering phase angle that may be recovered 
from ground to about 120 .On  the  other  hand it is known  that significant differences exist between 
the phase functions of spherical and those of non-spherical distributions at scattering phase angles 
of about 140 .For field experiments in which both surface and  AirMISR observations are available, 
AirMISR observations in the solar principal plane will be used to extract scattered intensity at larg- 
er phase angles, which theoretically can extend to near 180 although increasingly not without com- 
plication from surface reflected light. The additional AirMISR observations, especially over dark 
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targets, will be used to estimate the relevance of  nonspherical distributions in the scattering. 

5.4.2.2.7.4 Aerosol microphysical properties directly from aircraft observations. 

It is uncertain what role direct determinations of aerosol properties by aircraft observations 
will play in the MISR ground validation effort because of the expense. It may occur that direct 
sampling by aircraft will be possible for some field campaigns, e.g., SAFARI -20000 as well as 
post launch product validation exercises. The present emphasis for MISR ground validation must 
be on generation of radiatively closed aerosol  models  rather  than pursuit of differences or similar- 
ities between radiative and direct sampling properties. 

5.4.2.3 Uniqueness of aerosol and surface models derived 

Uniqueness of the ground-derived model atmosphere is not  necessarily  an issue for verifying 
MISR data products. What we are required to do is show that the resulting BOA and TOA radianc- 
es obtained using the ground-retrieved  model are consistent with  ground-measured BOA radiances 
and with upwelling TOA radiances measured  by  MISR or AirMISR. We know that the optical 
depth retrievals do not suffer from uniqueness problems. The BRF determination is also considered 
unique, unless topographic relief is involved that prevents observation of  an entire area from inte- 
rior points. For purposes of TOA radiance calculation, the test areas are always chosen large, flat 
and uniform, so that this problem is not present. 

Aerosol property retrievals may suffer from nonuniqueness problems because the RTC is 
only constrained by  BOA and TOA radiance measurements, and  not  by particle or radiance mea- 
surements within the atmosphere The existence of accurate ground data will however verify con- 
sistency of the validation retrieval, namely, (i) the radiance calculated at BOA with the MISR or 
AirMISR-derived aerosol model may be compared  with  ground measurements, and (ii) if the cal- 
culated and measured BOA radiances are consistent, confidence in the correctness of the MISR or 
AirMISR product may be judged by statistical tests comparing magnitude and scatter between this 
product and an equally consistent one derived by the ground-based pathway. There is no definitive 
literature known to us on the question of uniqueness of aerosol inversions based upon radiative 
transfer methods. Uniqueness, whether in terms of vertical structure or component properties is a 
topic of current research. 

5.4.3 Hemispherical-directional  reflectance  factor (HDRF) 

5.4.3.1 Description 

The hemispherical directional reflectance factor for nonisotrogic incident radiation is equal 
to the ratio of the reflected radiance from the surface into a single direction to the radiance reflected 
into the same direction from an ideal Lambertian target into the same beam geometry and illumi- 
nated under identical atmospheric conditions. 
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5.4.3.2 Field determination 

To recover HDRF at the surface, use  is made of PARABOLA 111 measurements, namely the 
surface-reflected radiance and the surface irradiance which is obtained from an integration of the 
projected incident sky and solar radiance over the upward hemisphere The HDRF is calculated 
from its defining equation as the ratio of the reflected radiance in a chosen direction to the incident 
irradiance. 

5.4.4 Bihemispherical  reflectance  (BHR) 

5.4.4.1 Description 

The bihemispherical reflectance (BHR) for non-isotropic incident radiation represents the ra- 
tio of the radiant exitance to the irradiance. It can also be  defined in terms of the HDRF as the in- 
tegral of the HDRF over the upward  hemisphere  divided  by n. 

5.4.4.2 Field determination 

The field-based retrieval of the BHR follows from its definition as the ratio of the total exi- 
tance to the total irradiance. At present, the radiant exitance at  a site is measured using PARABO- 
LA 111. The irradiance is determined by  PARABOLA 111 measurements and also by measurements 
with the shadowband radiometer (MFRSR) after extrapolation to PARABOLA I11 wavelengths 
and bandpasses. 

5.4.5 Bidirectional  reflectance  factor  (BRF) 

5.4.5.1 Description 

The bidirectional reflectance factor (BRF) is a limiting form of the HDRF defined for the 
special condition of surface illumination by  a parallel beam of radiation and zero incident diffuse 
illumination (see [M-5]).  It is the ratio of the radiance reflected in a specific direction to the total 
incident radiance.The condition of illumination described corresponds physically to an atmosphere 
of zero optical depth. This is a hypothetical circumstance for actual Earth surface observations, 
even at the highest elevations. 

5.4.5.2 Field detennination 

The method for obtaining the BRF on the ground relies on PARABOLA I11 measurements 
of the surface-reflected radiance, PARABOLA I11 or sunphotometer measurements of the direct 
solar irradiance at the surface and  PARABOLA I11 measurements of the incident diffuse radiance 
from the sky hemisphere for all angles of the solar incidence direction between zero and 90". These 
data are utilized to implement a  numerical solution of a two-dimensional Fredholm integral equa- 
tion (second kind) giving the relationship between  them,  which  merely represents the conservation 
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of reflected energy at the surface. It is to be  noted that requirements on the incident radiance mea- 
surements for the complete range of solar zenith angles preclude complete natural determination 
of the BRF from field measurements for any latitude on the Earth north or south of about 23" from 
the Equator and then only during certain portions  of  the  year  when the Sun reaches the zenith. In 
practice, this restriction will be circumvented using: (1) interpolation methods to fill out the miss- 
ing sky irradiance data or (2) approximate empirical or theoretical physically based models of the 
surface reflectance properties to fill out the reflectance function. 

5.4.6 Directional  hemispherical  reflectance  (DHR) 

5.4.6.1 Description 

The directional hemispherical reflectance (DHR) bears the same relationship to the BHR as 
does the BRF  to the HDRF. That is, the surface is illuminated by a parallel beam of radiation from 
the sun, with no diffuse illumination. The DHR represents the ratio of the total exitance to the total 
incident irradiance for the assumed conditions of zero diffuse illumination. This condition of illu- 
mination is in general a hypothetical circumstance for Earth surface observations, even at the high- 
est elevations. 

5.4.6.2 Field determination 

Once the BRF is derived from surface measurements (see Section 5.4.5.2) the DHR follows 
by numerical calculation of the integral over the hemisphere of this quantity, divided by the solar 
exoatmospheric irradiance at the appropriate incidence angle. 

5.4.7 PAR - integrated BHR  and  DHR 

5.4.7.1 Description 

The photosynthetically active radiation (PAR) is defined  as the solar radiation incident at the 
surface by direct and diffuse illumination integrated over the spectral range 400 - 700 nm. 

5.4.7.2 Field determination 

PARABOLA 111 has a PAR  broad  band filter (about 400-700 nm) included in the scanning 
head that will provide direct measurements  of  PAR-integrated incident and reflected radiance, 
hence by integration of the irradiance and radiant exitance. Hence BHR can be calculated (Section 
5.4.4.2). In addition, the individual spectral channels available with  PARABOLA 111, which ap- 
proximate closely those present on MISR, can be used to provide narrow  band  BHR values. An 
independent estimate of PAR-integrated BHR,  using  the MISR method  of calculation from mono- 
chromatic values and the assumption of linear spectral variation between channels, will thus be ob- 
tainable. 
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5.5 ASSUMPTIONS  AND  LIMITATIONS 

The following assumptions are made with respect to the ground  based aerosol, surface, and 
cloud product retrievals using  the validation algorithms. 

Aerosol Products 

At present aerosol particles are taken to be spherical, homogeneous, whether hy- 
drated or solid (e .g . ,  dust, sea salt). Future extension to non-spherical particle 
scattering is under  way. Uniqueness of aerosol recoveries in presence of BOA 
and TOAR observations is also subject of active study. 

The (complex) particle refractive index is assigned initially, allowed to evolve 
to value consistent with  sky  and sun observations, diffuse/direct observations, 
and possibly direct measurements,  not otherwise restricted. 

The atmosphere is taken to be plane-parallel, laterally homogeneous, but with 
(possible) vertical layering in radiative transfer modeling as specified by ancil- 
lary measurements such as radiosonde or lidar backscatter soundings and infer- 
ences on composition that may be forthcoming. 

Column-effective optical depths, aerosol phase functions and aerosol size distri- 
butions and compositions are implied for all retrievals, Le., no regard to actual 
layering that may  be present in the atmosphere is possible from the retrievals 
themselves, although the derived  model  will be consistent radiatively with all ra- 
diance observations available. 

For most solar radiometer analyses of the direct solar irradiance, except heavy 
haze conditions such as smoke, the diffuse solar aureole component will be con- 
sidered negligible in magnitude compared to the direct solar irradiance compo- 
nent. The exception to this are diffuse/direct irradiance measurements carried 
out with the MFRSR, where the individual components are determined separate- 
ly. 
For interpretation of sky radiance measurements leading to aerosol properties, 
the surface will be assumed to be flat, homogeneous,  and (presently) Lamber- 
tian. Relaxation of the Lambertian assumption  and incorporation of full BRF is 
in place for MRTC. 

For calculation of effects due to ozone and  water  vapor absorption present in the 
spectral solar radiometer data, the line measurements contained in MODTRAN 
I11 for these constituents will be assumed. Ozone column abundances will be ob- 
tained from simultaneous retrievals along  with aerosol optical depth, not other- 
wise imported from external data sources. 

If needed, extraction of optical depths due to NO,, will employ absorption data 
contained in MODTRAN 111 and climatological values for column abundances 
taken from literature or other sources used  as required. Presently  NO2 is ignored 
in retrievals. 
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(9) Adjacency effects in interpretation of solar radiometry are ignored, as are diffuse 
radiances present in the solar aureole. 

(10) The Cox-Munk [12] wave facet model is currently adopted together with  the 
foam reflectance model  based on Monahan  and O'Muircheartaigh [54] and 
Koepke [44] for aerosol retrievals over water, given the surface wind speed mea- 
sured at the standard height of 10 m. 

Surface Products 

The plane-parallel approximation for radiative transfer in  the atmosphere and at 
the surface are adopted. 

Adjacency effects are ignored at the scales at  which the surface reflectance pa- 
rameters are reported. 

Validations are restricted to comparisons of BRF reflectance model parameters 
obtained from AirMISR or MISR retrievals and  ground-based measurements 
with PARABOLA III. Validation of empirical extensions seeking connections 
between derived BRF and biophysical quantities (e.g., LAI, FPAR, green biom- 
ass) are not included 

Experience shows that derivation of BRF from PARABOLA I11 data sets over 
inhomogeneous terrain are not practical as  a general rule. (This excludes the 
problem introduced by partial solar incidence angle coverage as  is usually the 
case  in Northern Hemisphere observations north of 23" north latitude.) Hence 
solution using the integral equation procedure will be restricted to certain homo- 
geneous targets. For inhomogeneous targets, the maximum likelihood best fit 
model will be adopted. 
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6. RETRIEVAL  COMPARISONS 

6.1 MEASURES OF SUCCESS 

Data verification experiments are carried out  to check accuracy  of parameters derived from 
MISR algorithms, discover biases  between  ground-based  and  MISR retrieval pathways, if any, and 
to monitor accuracy and quality of the data products produced  by  MISR over time. Also an error 
assessment of TOA radiances as part of vicarious calibration, depends on uncertainties in ground 
measurements of atmospheric and surface parameters, which arise from natural variability or in- 
herent instrument error. The ground-based data sets are generated in the present experiments by 
independent mostly conventional approaches  using instruments and methods that have a long his- 
tory of development and use. Furthermore, care has  been taken to understand the error budgets of 
each method employed. Some preliminary statements concerning error analyses are included here 
for a few cases, but it is emphasized that  more  work  needs to be done to understand uncertainties 
(precision and accuracy) for many parameters sought by  ground-based  methods These are the sub- 
ject of ongoing investigations and instrument intercomparisons. 

Successful validation of a MISR algorithm (and products derived therefrom) here implies 
that the following criteria be met: 

(1) Agreement of values (aerosol optical depths, microphysical properties, HDRF, 
BRF, HDR, BHR, cloud heights, etc.) derived  or  assumed  by  MISR  and derived 
by ground-based pathways to within expected errors for each pathway. 

(2) For aerosol and surface properties, radiance closure to within expected errors of 
the MISR and ground-based pathways. Closure tests are describe next. 

6.2 RADIANCE  AND  IRRADIANCE  CLOSURE  TESTS 

Additional radiatively based  tests of the ground  based retrievals of aerosol properties and 
surface reflectances will  be to check for closure between  calculated  and  measured upwelling and 
downwelling atmospheric radiances by  various  pathways. Closure, as  the term is used here, implies 
agreement within expected uncertainties between  measured irradiance and downwelling radiance 
at the surface with calculated irradiance or downwelling radiance supplied using a radiative trans- 
fer code. In practice, favorable agreement will be decided  by a weighted chi-square test, where the 
weighting is inversely proportional to uncertainties present in each pathway. The result of non- 
closure implies the inadequacy of either model atmospheric parameters, surface parameters, or 
possibly both. Four separate pathways are possible involving ground measurements and measure- 
ments from either MISR or AirMISR. 

(1) Comparison of  multi-angle  upwelling radiances measured  by MISR and 
AirMISR with radiances calculated  by  an RTC using atmospheric parameters 
and surface reflectances derived from the ground-based measurements. 
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Comparison of  measured  downwelling surface radiances and irradiances and  up- 
welling surface radiances and radiant exitances with such quantities calculated 
by a radiative transfer code using  atmospheric parameters and surface reflec- 
tances derived from MISR algorithms and the MISR measurements. 

Comparison of  downwelling  and  upwelling radiances measured  by ground based 
'.instruments  with  downwelling  and  upwelling radiances calculated by a radiative 
transfer code using parameters derived from analysis of the ground based and 
surface measurements themselves. 

Comparison of  measured  downwelling radiances and the irradiance at the sur- 
face with downwelling radiances and irradiance at the surface when the surface 
reflectance is measured and the aerosol model (composition and size distribu- 
tion) is specified by direct measurements,  say  with aircraft This is characterized 
as a complete closure experiment 

For these tests, the radiances within  the solar almucantar  and in the principal plane used in 
the aerosol property retrievals with the CIMEL procedure are specifically excluded in the compar- 
isons. Sky radiances measured in other directions by  PARABOLA I11 as well as irradiance at the 
surface supplied by MFRSR, are utilized. 

Radiance closure testing in the manner described will result in a well specified model for the 
aerosols present. If  downward-only closure is possible because of the unavailability of upwelling 
radiance measures from AirMISR or from AVIRIS,  then some error in the model may be intro- 
duced because of discrete layering of the aerosol distribution vertically. Inclusion of an adjustment 
for upwelling TOA (or near TOA) radiances in  the aerosol model, removes this ambiguity tM-71. 
Thus with respect to validation of MISR aerosol models, specification of the upwelling radiative 
components is complete. There may remain differences between this radiatively consistent retriev- 
al and results of direct measurement of the aerosol components actually present. 

6.3 ERROR ANALYSIS 

The objective of error analysis is to determine the expected errors in parameter retrievals 
according to the ground-based pathway  and according to the  AirMISR (or ASAS) pathways. 
(MISR has its own error budget). Errors can  be both systematic and random in nature. Systematic 
errors are independent of time. An example of systematic error in solar radiometry and in the air- 
craft simulator instruments is adoption of incorrect values for the instrument calibration constants 
or incorrect determinations of cosine response formulas in the case of shadowband radiometry at 
the surface. Random errors are time-varying; a persistent source of random error is instrument 
noise, and in solar radiometry, atmospheric variability and fluctuations in turbidity. The first pur- 
pose here is to identify, from a ground-based perspective, sources of error in measured parameters 
and methods of estimation of these errors rather than to present completed analyses. Wherever pos- 
sible analytical formulas for error propagation will be sought, but where this is not possible be- 
cause of analytic complexity, or because the retrieval is algorithmic, error propagation will be car- 
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ried out by end-to-end simulations. Error propagation studies will be described fully in tM-71. The 
ground-based parameters for which error budgets can be  generated are listed in Tables 11-13 to- 
gether with presently known sources of error. 
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6.4 ERROR  ESTIMATES FOR AEROSOL  AND  SURFACE  PARAMETERS 

Tables 1Oand 1 1 have assembled the MISR  aerosol and surface parameters and some sources 
of measurement error expected in retrieval of these parameters. Here preliminary estimates of the 
accuracies of measurement for the optical depth  and surface BRF are provided. 

6.4.1  Total  optical depth 

6.4.1.1 Characteristics 

Coverage: Local 

SpatiaVTemporal Sampling: -MISR pixel resolution, but expandable in scale by measure- 
ments over networks of sites plus interpolation and averaging. Measurements at selected sites dur- 
ing intensive field campaigns 

Estimates of accuracy of ground-based retrieval of total optical depth using solar radiometers 
for validation of both MISR products and retrieval algorithms in pre and post-launch time frames 
are described here. Errors for other  column equivalent quantities needed to derive aerosol optical 
depth from local ground observations, including, ozone optical depth, and atmospheric pressure 
will be given in [7], together with  uncertainty analyses for particle size distribution, aerosol com- 
plex refractive index, phase function and single scattering albedo. 

6.4.1.2 Theoretical Accuracy of total optical depth  retrieval 

Resolution of digital recording of ground-based radiometer response (Reagan automated in- 
struments) is 1 part in 216 (-1/66000),  with  actual instrument noise from photodiode and opt-amp 
sources about one-eighth of this Ehsani [ I  61. From error propagation, with this level of uncertainty 
in radiometer output, the standard error of determination of Vo is 0(10-5-10-6) and the standard er- 
ror of optical depth determination is of O(10-6). 

In practice the limit on instrument calibration is best established by multiple local determi- 
nation of Vo on clear stable days and/or at high altitude observing sites. Bruegge, et al. [6] indicate 
relative determinations of Vo to a few percent, and total optical depth retrievals to 0.02. Recently, 
Erxleben and Reagan [19] have applied  wavelet filtering techniques to improve Vo determinations 
for Reagan solar radiometers. These indicate reductions in uncertainty of Vo to O( 1 %) or less, lead- 
ing to optical depth determinations of this order of uncertainty. 

6.4.1.3 Detection of total optical depth fluctuations 

Studies of response of identical Reagan solar radiometers operating side by side show that 
optical depth fluctuations present in both records are recoverable to - 0.0001. 
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6.4.1.4 Caveats on optical depth retrieval errors 

Reductions of ground-based observations usually neglect diffuse component present in solar 
aureole in angular field of  view  of radiometers. In some circumstances (for example thick smoke, 
clouds) diffuse light may contribute heavily to or dominate observed BOA irradiance. Magnitude 
and influence of the diffuse component is discussed  by Shaw [73] who gives a maximum relative 
error in optical depth determination of 0.025 for moderate turbidity  and airmasses less than about 
6. See Reference [M-7] for additional discussion. Optimal conditions for comparison with MISR 
EOS data include clear (cloud free) skies that are so describable for the period of a MISR observa- 
tion (e.g., about 7 minutes per site). Strictly ground-based observation is the line-of-sight path to 

,~ ~; Sun at any given time. 

Inferences to larger areas are obtained  by averages of network observations (where avail- 
able) covering dimensions on the order 17.6 km, averages obtained from time series at single sta- 
tions, where the sampling time interval AT  of fluctuations present is that required for a test air par- 
cel to cover a distance X =a AT where u i s  a measure of the average horizontal wind speed in the 
aerosol-bearing layer, and X is 17.6 km. This latter will be recognized as an application of a form 
of Taylor hypothesis (see Stull [Son. This application  needs to be checked against - 20 km net- 
work averages for typical areas and observing conditions. 

6.4.2 Surface  Bidirectional  Reflectance  Factor  (BRF) 

6.4.2. P Characteristics 

Coverage: Local 

SpatiaVTemporal  Sampling: Sampling at  MISR pixel resolution (-250 m in Local Mode) of 
selected field campaign site. 

Estimated accuracy of ground-based retrieval of the BRF from directional sky and ground 
radiance measurements is given here. Observations are assumed available with PARABOLA as 
a standard instrument for basis of validation of MISR  algorithms  and products, e.g., surface bidi- 
rectional reflectance factor (BRF)  and  other closely-related parameters that can be derived from  it 
(e.g., hemispherical directional reflectance factor, HDRF, bihemispherical reflectance, BHR, etc.). 
[5]. The three principal error sources for retrieval of BRF from ground-based observations are: 
(1) accuracy of sky and  ground radiance retrieval with  PARABOLA,  (2) instrument noise, (3) er- 
rors in total optical depth retrieval constraining the direct solar spectral irradiance incident at the 
surface, (4) algorithm errors. The BRF retrieval method is that of Martonchik [49]. Improvements 
in the accuracy of retrieval of the BRF in this fashion did not  depend  upon choice of 0.5% as op- 
posed to one percent for the convergence criterion. 
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6.4.2.2 Theoretical accuracy 

(1) A error source in determination of BRF is described as algorithm error. Simulations were 
performed using the three-parameter BRF model of Rahman-Pinty-Verstraete [68] according to 
the iterative retrieval scheme described above. To estimate algorithmic error, the data and optical 
depth for these simulations are considered perfectly  measured.  (a) Algorithm errors: Generally the 
errors in retrieved BRF  are very large when either the sun incidence or view angles are greater than 
80". For angles at 75" the error is 3% and falls to less than 1% for sun angles less than 75" (b) 
Round-off numerical errors: no impact. (c) Total optical depth errors: Optical depth errors of 10% 
lead to increases in retrieval error by factor of five. Methods to limit errors in absolute optical depth 
retrieved values are described under  MISR  ground-based algorithms Practical uncertainties. Fur- 
ther study of sky turbidity, view angle dependencies for PARABOLA-based BRF retrievals are un- 
der way. 

(2) Radiometric calibration errors. The dynamic range  of  PARABOLA measurements is 
IO2'. The lower part of the range is calibrated by  measurements  with  an integrating sphere. The 
standard errors of least squares fits of such observations are wavelength dependent. For example 
at 550 nm these errors imply an uncertainty of 0(1%) in the radiance recovery. Neglect of diffuse 
light altogether in the error tally leads to an error in BRF determination proportional to error in 
measured direct solar irradiance Where the diffuse light component itself is 0(10%), of the illu- 
mination, a systematic overestimate of the BRF by about 10% occurs. Calibration of PARABOLA 
111 in the direct solar irradiance range is being carried out. 

6.4.2.3 Caveats on BRF retrieval errors 

(1) Spatially inhomogeneous surface reflectance. Natural targets are inhomogeneous, and  the 
resulting variations in reflectance properties at the scale of PARABOLA observations must be av- 
eraged spatially, either by occupying multiple sites, or  by  binning pixels from any one site. This 
problem is under study. (2) Scaling to larger areas. The typical PARABOLA footprint for an in- 
strument height of two meters and 80 degree view angle from the horizontal, is -20 meters in di- 
ameter. The scaling to 1.1 km must involve AirMISR,  whose  nadir pixel size is 7 m and footprint 
size-9 km. (3) The simulation of algorithm error sources described below assumes a homogeneous 
target. ((4) Possible uncertainties in the solar irradiance are not considered. (5) As with Reagan so- 
lar radiometers PARABOLA instrumental noise is considered negligible compared to other sourc- 
es. (6) errors in total optical depth retrieval we believe can be constrained to O( 1 %) by application 
of noise filter techniques to our solar radiometer observations. 

87 



6.5 UNCERTAINTIES  IN  TOA  RADIANCES 

Table 14 assembles the principal sources of error encountered in calculation of TOA radi- 
ances from ground-based measurements  according  to two approaches: (1) conventional reflec- 
tance-based method  using  ground targets, and (2) a radiance method in which the BRF boundary 
condition is replaced by measured values of the reflected radiances at the boundary, obtained from 
PARABOLA, thus bypassing the  need to calculate a BRF for the surface. Utility of the second 
method is that the TOA radiance estimate can be obtained from ground-leaving measurements con- 
fined to the time interval of overflight. Note here  that the term “radiance method” refers to prop- 
agation of surface-leaving radiance through  the  measured atmosphere rather than measurement of 
upwelling radiance by  an airborne radiometer; this latter method has been termed “radiance- 
based”. (3) A third formulation is possible in which  the TOA radiance is written as a function of 
the surface HDRF. The HDRF is measured as a function of solar zenith angle for view direction 
normal to the surface using the ASD field spectrometer, but remains unmeasured for the remaining 
view directions required of the TOA radiance model. A full description of the HDRF must there- 
fore be derived from the BRF using  PARABOLA  measurements. Hence except for normal inci- 
dence measurement, there is no  advantage in working  in terms of the HDRF as opposed to the BRF. 
The following Table 14, enumerates the principal factors and  their sources either as measured 
quantities or as calculated from an atmospheric  model. The notation is taken from LM-51. 
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The path radiance and atmospheric transmission function ( r )  calculated from the atmospher- 
ic model are themselves subject to uncertainty and have individual error budgets involving the fac- 
tors involved, namely aerosol optical depth, aerosol size distribution, and aerosol compositional 
model. 

The TOA radiance error budget is the subject of active investigation. 

6.6 SCALING ISSUES 

Differences in scale of observation between  the  ground-based  and  MISR observations are 
thought to represent a large possibly dominant source of uncertainty. The ground-based values are 
representative of smaller volumes  of the atmosphere (aerosols) or surface (surface reflectance pa- 
rameters) as compared to MISR. Table 15 lists the horizontal sampling of MISR aerosol and sur- 
face and surface irradiance parameters together with the estimated horizontal sampling of the 
ground-based procedures for these parameters. 

The uncertainties over the MISR-reported areas will be estimated  by measures of the scatter 
in reported values pixel-by-pixel over the averaged areas. The uncertainties in ground values will 
be assesses as: (1) averages in values over networks of surface stations (when and where available), 
together with standard deviations, (2) averages in optical depth over time series centered at and 
around the time of overflight, with scatter of values  as estimators of the uncertainty. 

Use of AirMISR in helping to resolve scaling issues will be required. Even here however, 
the MISR aerosol retrievals reported at 17.6 km will  not  be fully addressable and it will be neces- 
sary to use subsets of pixels over MISR local mode sites for this purpose. The chain of comparisons 
will then be from ground -> AirMISR -> MISR. 
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6.7 EVALUATION OF MISR  CALIBRATION,  AEROSOL,  SURFACE  ALGORITHMS 
AND PRODUCTS 

The goals of ground-based validation for MISR are: (1) to provide independent pathways 
for radiometric calibration of MISR on orbit using  the  so-called vicarious (reflectance-based) 
method and a radiance-based method  with  AirMISR  as a well-calibrated radiometer, (2) to provide 
ground values of  the spectral irradiance to compare with  values generated by  MISR aerosol and 
surface retrieval algorithms as intermediate products, (3) to provide values for important aerosol 
model parameters (size, refractive index, phase function, single scattering albedo) from ground 
measurements using mostly  well-known inversion procedures operating on direct solar irradiance 
sky radiance and surface irradiance measurements, (4) to provide  values of the local surface B W  
for comparison with the MISR-retrieved values. For  ground-based  work each of these retrievals is 
accompanied by an analysis of the standard errors present, in is the subject of a continuing search 
for systematic errors (or biases) present. This section describes use of ground and aircraft values 
in evaluation of  MISR products. 

6.7.1 Radiometric  calibration of MISR 

Both vicarious and radiance methods  and  the radiance-based method  with AirMISR are in- 
tended to supply TOA or near  TOA  radiances at all nine  MISR observing angles for comparison 
with MISR radiances produced using  pre-launch and, in-flight, the on-board calibrator results. 

6.7.1.1 Reflectance-based. 

The  first of these calibrations will  provide directly values of the MISR instrument response 
functions for a few MISR  pixels at any  given overpass. Statistical hypothesis testing to decide on 
significance of differences in coefficients will be carried out. A set of  new  values  of the MISR cal- 
ibration coefficients will be obtained by combining the ground-based and on-board calibration co- 
efficients with weighting according to the standard errors present in each observation. 

The calibration coefficients for each MISR camera so obtained, if differing statistically from 
original values, will be used to rederive MISR aerosol and surface parameters and irradiance values 
for a target area not involved in the vicarious calibration, to assess differences obtained and to as- 
sess improvements or degradations arising from the changes. These latter steps may be termed val- 
idation ofthe calibration adjustments. If significant improvements are found from a number of 
such intercomparisons, the decision may  be required by the Principal Investigator to examine al- 
teration of the calibration status of MISR in accordance with findings of the CalibrationNalidation 
team. 
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6.7.1.2 Radiance-based. 

The second of these calibrations, the radiance-based calibration, relies on the absolute radi- 
ometric calibration of AirMISR, which itself is based  upon a preflight laboratory calibration, up- 
dates provided for a few pixels from vicarious  ground-based calibration, and finally, possible use 
of the AirMISR PIN-diode on-board calibrator. The determination also depends upon timing and 
orientation of the AirMISR overpass to correspond  precisely  with that of MISR itself. AirMISR 
then provides radiances for 1504 pixels in its image array for four wavelengths and nine angles 
spanning a footprint on the ground of about 9 km transverse to the flight direction. The nine-km 
swath thus provides increased coverage of the  MISR detector array and for calibration directly of 
the off-nadir camera angles. 

The calibration coefficients for each MISR camera obtained from the radiance-based method 
depend upon the errors in the calibration coefficients derived from any vicarious and on-board cal- 
ibration steps. Use of the vicarious method for AirMISR links the calibrations of  AirMISR and 
MISR through the ground-based step. The on-board calibrator step is independent of all procedures 
connected with the vicarious calibration, and will be of great value, once its FOV is lowered to cor- 
respond to a potential surface target within  which the FOV’s of all nine angles can be encom- 
passed. 

We expect that radiance values  reported  by  AirMISR  will be accurate to f 3%. 

Statistical hypothesis testing to decide on significance of differences in coefficients obtained 
by these independent pathways will  be carried out. The various independent determinations of 
MISR calibration coefficients, if found differing statistically as a result of these tests, will be  com- 
bined, weighted by standard errors present  in each step, to provide new radiance-based determina- 
tions. These coefficients too must be tested to verify or reject changes found from MISR on-board 
or pre-flight laboratory values. This step will involve comparisons of MER-derived aerosol, sur- 
face and radiation parameters with  surface-measured values. 

6.7.1.3 Radiance propagation method 

Application of the radiance propagation method  will  similar to the two methods just enumer- 
ated. This method produces TOA radiances whose values depend upon errors in the atmospheric 
model and in the calibration of PARABOLA. Statistical hypothesis tests will be used to determine 
if these calibration coefficients differ significantly from coefficients of the previous two methods, 
and combined with the other two  weighting  by  uncertainties  present. These coefficients must be 
tested to verify or reject changes found based  on recalculation of MISR retrievals and comparison 
with ground-based values. 
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6.7.2 Spectral  irradiance at the  surface 

Every successful MISR  aerosol  (and surface) retrieval produces a surface spectral irradiance 
from the SMART data set corresponding to the chosen best fit aerosol model and the derived sur- 
face  HDRF (or BRF). The ground-based irradiance values are provided by measurements with 
MFRSR’s at the ISIS stations. with  measurements  by  an  MFRSR  and  by  PARABOLA at specific 
ground stations occupied as part of  MISR algorithm validation or product validation exercises. 

Although surface irradiances play  an important role in ground-based aerosol model retrieval, 
the comparison of irradiances described here is an indicator flag primarily that differences between 
measured irradiances and those provided by  application of the local MISR aerosol model do or do 
not exist. These observations can be used  with  modified  MISR calibration coefficient determina- 
tions to check on possible improvements provided  by  updates,  if  any, to the on-orbit calibration 
coefficient values. 

Reported values of the MISR irradiance over a local mode site at the surface at -250 m res- 
olution over a 17.6 km (on a side) area surrounding a given station will be obtained for these com- 
parisons of irradiances. The pixel value corresponding to the actual station will be compared with 
the MISR retrieved value. The standard deviation of values over these areas will be used as a mea- 
sure of the local scatter. The values of the actual measured surface irradiance may be possible 
using arrays of MFRSR’s on occasions  when cooperative experiments with specific investigators 
can be arranged. 

We expect, based on calibration reports of the MFRSR  manufacturer (Yankee Engineering), 
The measured irradiances from MFRSR  will be accurate to f 1 % for newly calibrated instruments. 
Deviations between MISR-derived and surface-measured irradiance values greater than +1% will 
be thought of as in disagreement. Statistical hypothesis testing to decide on significance of differ- 
ences in measurements obtained  will  be carried out. An  assessment  of areal variability not mea- 
sured by single ground stations will be required. 

6.7.3 Aerosol  models 

Successful MISR aerosol retrieval report aerosol optical depth and adopted aerosol model 
properties at  an areal scale of 17.6 km. The aerosol model includes specifying the log-normal and/ 
or power law size distribution parameters and a compositional indicator (complex refractive in- 
dex), the derived single scattering phase function, single scattering albedo computed according to 
Mie theory or according to a theory for nonspherical (e.g. ,spheroidal) particles [53]. 

For ground-based retrievals, the direct solar irradiance, solar aureole, sky radiance, and sur- 
face irradiance are (currently) combined to generate size and compositional estimates using a 
modified method of Nakajima et al. [58]. The JPL method of recovery [M-7] is being developed 
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further as a reparameterization in terms of single scattering phase function and single scattering al- 
bedo. This will avoid explicit introduction of the Mie theory  and therefore the assumption of spher- 
ical homogeneous particles. Specification of  an equivalent refractive index and size distribution 
will be dealt with as a separate retrieval problem. The generated ground-based aerosol model will 
be closed with respect to comparisons of  radiances  and irradiances calculated from the RTC em- 
ployed and those measured at the surface and also with the upwelling directional radiances at 
AirMISR or AVIRIS, when aircraft measurements are available. 

Differences between ground-based  and  MISR retrievals greater than the standard error 
present in each will be characterized as disagreements. Attempt to understand disagreements, if 
necessary, will begin by examination of  the  time  variation  of  aerosol properties at the surface as- 
suming that this variation reflects spatial variation of aerosol load, not  simply  in situ generation of 
particles (also possible). An alternative procedure will be to supply direct measurement through 
a network of Reagan radiometer or MFRSR stations. 

Scaling of the local ground-based retrievals in a closer approximation to the 17.6 km area 
reported by  MISR will require intervention of AirMISR. This chain of recoveries begins first with 
an intercomparison of local values from the ground study compared with local retrievals in the 
same site  from AirMISR. AirMISR is then  used to provide an estimate at the 9 x 10 km scale. Sur- 
face  HDRF and BRF. 

6.7.4 Surface HDRF and BRF 

The surface HDRF is retrieved after a MISR aerosol recovery and subsequent to this the 
BRF. The HDRFBRF is reported at a surface scale of 1.1 km. 

The MISR HDRF is based on interpretation of the multiangle radiances in two azimuths, e.g., 
heading of about 190" and 10" for northern  mid-latitude targets, for a single solar zenith angle. The 
accumulation of additional solar zenith angles for the site depends upon seasonal measurements. 
The MISR BRF is model dependent, arising from a fit of the observations to a specific BRF model 
involving three parameters [M-5], namely the Rahman-Pinty-Verstraete model [68]. 

The ground-based retrieval on the other  hand employes the entire sky and ground hemi- 
spheres in 5" increments and is developed from all possible sun incidence directions for the local 
site. This implements the procedure described  by  Martonchik [49]. 

Expected errors in the BRF recovery from PARABOLA  measurements  on homogeneous tar- 
gets are on the order of 3%, including those of instrument calibration origin and algorithm errors 
arising with numerical solution of the governing integral equation. 
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The intercomparison between  MISR retrievals and ground-retrievals based on PARABOLA 
thus can proceed either on basis of comparison of  radiances from a combined atmosphere-surface 
model to retrieve on-orbit radiances, or by comparison of values of the model parameters from the 
surface PARABOLA observations fitted with the RPV  model,  with the MISR-derived parameters. 
The fitting of the PARABOLA-derive RPV model parameters  will  itself involve errors in the fit 
that are outside of uncertainties in deriving the BRF itself. A chi-square intercomparison of surface 
and AirMISR retrievals and local MODE  MISR BRF retrievals will be sought. This is subject of 
ongoing investigation. 

A principal source of differences seen is likely to arise in differences in surface area sampled 
by ground and by MISR observations. The area  sampled  by  PARABOLA is proportional to instru- 
ment height above surface, and in practice is limited to circles of dimensions O(few hundred 
meters in diameter) To recover average values for areas as small as one MISR pixel (704 x 275 m) 
thus requires potentially many surface sampling stations. Intervention of  AirMISR is essential. The 
chain of measurement is first, the BRF of a few AirMISR  pixels  will be determined to evaluate 
MISR like retrievals from aircraft height. Subsequently the measurement is extended to the 1.1 km 
scale using AirMISR. 

6.8 DATA  QUALITY 

Prior to conducting Postlaunch field campaigns, activities will be coordinated with EOSDIS 
to ensure the highest quality data stream during the time(s) of  MISR overflight. Quality indicators 
planned for Level 2 data products are described in LM-141 and [32]. When these data products are 
retrieved for validation purposes, the corresponding quality indicators will be examined as part of 
the retrieval comparison procedure. In addition, the science validation  team will participate in the 
selection and evaluation of these indicators. 

Similar types of checks (e.g. instrument performance, physical constraints etc.) will be made 
on field experiment data as part of the reduction process,  however, due to the much smaller vol- 
umes of data involved, this process will only  be  automated  on  an  “as  needed” basis. Intercalibration 
of field instruments will provide an additional measure of data quality. 
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7. INSTRUMENTS 

7.1  APPROACH 

Table 16 gives a summary description of  the  ground and aircraft based instruments used in 
MISR validation field campaigns together  with  their unique characteristics. The most frequently 
used instruments are listed ahead of those used less often. The following sections provide more de- 
tails about these instruments. 

7.2 MISR  AIRCRAFT  SIMULATORS 

7.2.1 AirMISR 

A description of  AirMISR is given in Chapter 3 of this Science Data Validation Plan. 

7.3 ANCILLARY  AIRCRAFT  INSTRUMENTS 

7.3.1 RC-10 Aerial  Mapping  Cameras 

Object height determination using  photogrammetric techniques on stereo pairs of aerial pho- 
tographs is a well-developed  methodology. The principal means  of validating cloud height retriev- 
al algorithms that employ machine vision  techniques,  will be photogrammetric analysis of stereo 
aerial photography. Small scale stereoscopic aerial photographs (about 1/65,000), many  with 
clouds, have been routinely acquired over the  years  aboard the ER-2 aircraft platform, in support 
of mapping projects for NASA  as well as  other government agencies. These data are routinely ar- 
chived as part of large data bases at Ames Research Center and  EROS Data Center, and can be ac- 
cessed by reference to geographic coordinates  and  on basis of fractional cloud cover. 

The principal aerial mapping camera used here will be the  Wild-Heerbrug  RC-10. The cam- 
era can be operated at focal lengths of e’(152.33 mm) or 12” (304.66 mm) with film size of 9” x 
9” format. Mounted on the ER-2 aircraft platform and operating at an altitude of 20 lun, vertical 
photographs are acquired  at an approximate scale of 1/130,000 or 1/65,000. The angular image 
field of view is  f20.5” about nadir, producing a square footprint on  the  ground 225 lun2 in area with 
ground spatial resolution under clear atmospheric conditions of a few meters. Acquisition of one 
photograph every 29 seconds at an aircraft ground  speed of 400 knots (205 dsec )  generates ste- 
reophotographic pairs with about 50% overlap with  photo centers spaced  nearly 6000 meters apart. 
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7.3.2 AVIRIS 

The Airborne Visiblefinfrared Imaging Spectrometer (AVIRIS) is a whiskbroom imaging 
spectrometer that produces images of spectral radiance in 224 channels (each approximately gaus- 
sian and 10 nm FWHM) between 400 and  2500  nm. The instrument flies aboard the ER-2 aircraft 
platform at an altitude of 20 km above terrain. At this flight altitude the side to side angular field- 
of-view  of f15" about nadir generates an image swath approximately 11 km in width with pixel 
size of 20 m. The areal coverage rate determined  by ER-2 ground  speed is approximately 12 image 
linesh (1 10 k m 2  in  40 s). 

AVIRIS is used for rapid mapping to atmospheric precipitable water distributions using the 
940 nm water vapor absorption band, and for determination of calibrated TOA radiances. With re- 
spect to the latter, the whiskbroom nature of this scanner determines that the vicarious calibration 
method using ground targets can  be  used  with surface reflectance measurements on just a few 20 
m size pixels to place a radiometric calibration on the instrument. This calibration is independent 
of both on-board  and laboratory pre-or post-flight calibrations. This determines that near-TOA 
radiances are known from all pixels over the approximate 11 km image swath of AVIRIS. When 
co-flown with AirMISR, this facilitates calibration of the entire AirMISR sensor array which oth- 
erwise would require measurements on a target of 10 km linear dimension for a stand-alone cali- 
bration by the vicarious method. For this purpose the calibration of AVIRIS  is checked by inde- 
pendent vicarious calibration in circumstances where AirMISR  and  AVIRIS are co-flown. 

7.3.3  MODIS  Airborne  Simulator 

The MODIS Airborne Simulator (MAS) is a 50 channel cross-track scanning spectrometer 
consisting of four spectrometers and detector assemblies with linear array detectors, covering the 
wavelength range 547-14170 nm [43]. Nineteen of the 50 channels correspond to those of MODIS, 
including near and thermal infrared bands that provide information about cloud properties and  tem- 
perature. MAS flies aboard the ER-2 platform and  is designed to scan through nadir in a plane per- 
pendicular to the direction of motion of the aircraft with maximum scan angle extending to f 43 ' 
(side to side) of  nadir. From the 20 km operational altitude of the ER-2 this corresponds to a total 
swath width of about 37 km. Each pixel (total of 716 Earth-viewing) has an IFOV of 2.5 m a d  that 
represents spatial resolution of 50 m at  nadir. 

MAS will be utilized for estimation of cloud top pressure (height) and cloud water phase 
from CO, split window technique and other thermal infrared channels [31]. 

7.4  FIELD  RADIOMETERS  AND  SPECTROMETERS 

7.4.1 Reagan Solar Radiometer 

These instruments are used for determination of atmospheric aerosol spectral optical depth, 
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estimation of ozone optical depth (ozone column abundance), and the column abundance of atmo- 
spheric precipitable water. The so-called Reagan radiometers are manufactured  by  J.A. Reagan, 
and associates at University of Arizona. The instruments are portable (battery powered) and auto- 
matic sun-tracking. They contain 10 spectral bands with typical filter wavelengths ranging from 
380 nm to 1028 nm  with full-width-half-maximum (FWHM) filter bandwidths of 7 to 17 nm. Four 
such instruments are available (two manual,  two  automated tracking). Automated Sun tracking is 
implemented using a four element "quad" detector mounted in a tracking telescope that is coaxially 
aligned with  the optical system of the radiometer head. Tracking accuracy is k0.05". Altitude and 
azimuth movements of the radiometer head telescope are carried out by stepper motors with a 
0.025"step angle. The larger FOV tracking system maintains solar tracking even in the presence of 
occasional small cloud interference. The automated data acquisition system is microprocessor con- 
trolled, The instrument noise level is less than the quantization error or one part in 65,536. Data 
collection is possible for a maximum  single  period of one day (sunrise to sunset) at time intervals 
adjustable from a minimum of 10 seconds to several minutes. 

7.4.2 PARABOLA I11 

The Portable Apparatus for Rapid Acquisition of Bidirectional Observation of the Land and 
Atmosphere (PARABOLA) is a sphere-scanning multispectral radiometer system that generates 
radiance measurements from a transportable platform mount over complete downward (ground) 
and upward (sky) looking hemispheres. The instrument contains eight channels distributed four 
each on two scanning heads. The channels are 440,550,650,  860,940, 1030 and 1665 nm each 
10-20 nm in width, plus a PAR sensor (400-700 nm). The sensor field of  view is 5" with partial 
vignetted field extending to 8" full angle. A complete scan of the  head over 4n: Sr. requires 3.3 min- 
utes including off loading of  the scan data to files on a microprocessor  memory. The microproces- 
sor can be programmed to scan repetitively. The dynamic range is 220 so that, for example, direct 
solar irradiance and dark vegetation or water  targets can be encompassed within a single scan with- 
out need for gain changes. 

Radiometric calibration of PARABOLA is carried out in the laboratory using the MISR in- 
tegrating sphere, in the field using the Langley  method,  and also by placing neutral density filters 
over the instrument apertures to get instrument response over six orders of magnitude light inten- 
sity. 

PARABOLA I11 observations will be utilized to calculate BRF's of surface targets, and by 
spatial integration the hemispherical directional and bihemispherical reflectances (HDR and BHR 
respectively) plus the downwelling total and diffuse irradiances at the surface. 

7.4.3 CIMEL Sun and  Sky  Radiometer  System 

The CIMEL CE 3 18-3 (CIMEL Electronique, Paris, France) Surdsky radiometer system is a 
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fully automated weather-resistant, battery  and solar panel-powered instrument capable of long- 
term independent operation for measurement of direct solar irradiance and sky radiances used for 
determination of atmospheric optical depth  and aerosol scattering and absorption properties by  the 
use of certain inversion techniques described below. It is the principal instrument of the AERONET 
network (Holben, et al., [30]) Two  33 cm collimators on the sensor  head feed two detectors for 
measurement of direct sun, and aureole and  sky  radiance. The full-angle field of view is lo, with 
stray light rejection in the collimated beams of 10-5. Eight interference filters, each having a 10 nm 
bandwidth, are contained in a filter wheel. These are located at  wavelengths of 300,340,380,440, 
670,870,940, and 1020 nm. Polarizing filters are provided to give skylight polarization at 870 nm 
in vibration directions of 0", 60°, and 120" to the principal plane of sun incidence. Detector tem- 
peratures are monitored with thermistors to compensate for temperature variations. 

The sensor head is attached to a robotic  mechanism that carries out direct beam solar mea- 
surements as well as sky radiance measurements  in the solar almucantar and in the solar principal 
plane. The head is moved  by direct drive stepper motors  with  pointing  accuracy of k 0.05". A mi- 
croprocessor contains a solar ephemeris that computes  the  position  of the sun to within about lo;  
subsequent precise solar location and  tracking are carried out by quadrant detector. During inactive 
or wet periods the head is returned to a downward pointing parked position to protect the optics 
from dust, pollen, soot, ash, and moisture etc. 

7.4.4 MFRSR 

Independent determination of the downwelling  sky irradiance will be obtained with a Multi- 
Filter Rotating Shadow Band  Radiometer  (MFRSR),  manufactured  by Yankee Environmental 
Systems Inc. The MFRSR is a portable instrument that determines nearly simultaneously global, 
diffuse, and direct components of the solar spectral irradiance. From these measurements it  is pos- 
sible to estimate imaginary part of the aerosol refractive index as well as an average surface Lam- 
bertian reflectance by the so-called diffuse-direct method. 

MFRSR uses independent interference filter-photodiode combinations that are mounted in 
a temperature-controlled enclosure for measurement of spectral irradiance at six wavelengths and 
one broad channel. Observations at 616 nm and  931 nm also give determinations of ozone and wa- 
ter vapor optical depths and column  abundances  as a function of time. 

The MFRSR uses an  automated  rotating  shadowband to make measurements of the global 
and diffuse solar irradiance components. The shadowband is a strip of metal formed into a circular 
arc and mounted along a celestial meridian  with the instrument entrance aperture at the center of 
the arc. The shadow  band blocks a strip of sky  with  3.3"  umbral angle which is sufficiently wide 
to occult the direct solar beam plus adjacent aureole components. Two additional observations 6" 
to either side of the Sun are made to correct for excess sky  that is blocked during the Sun occulta- 
tion measurement. An entire measurement sequence (four measurements)  is completed in  15 sec- 
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onds and can be programmed by the controlling microprocessor to occur up to two timeshinUte. 
At each measurement cycle the shadowband is positioned for solar occultation by computing the 
sun’s position using an approximation to the solar ephemeris contained  in the microprocessor. This 
latter function requires accurate orientation of the instrument to level and with respect to north. 

This instrument is calibrated by the manufacturer  using  an integrating sphere whose irradi- 
ance is traceable to NIST standards. Newly calibrated, the instrument is said to provide measure- 
ments to 1 percent absolute 

7.4.5 GER field  spectrometer 

The Geophysical Environmental Research Corporation Spectrometer (GER) field spectrom- 
eters are employed to place the spectrally widely  placed spectral measurements of MISR’s chan- 
nels for aerosol optical depth and surface spectral reflectance within a broader spectral context. A 
moderate resolution field instrument, the GER is a self-contained portable single beam grating 
spectrometer system designed for observations  of light levels typical of terrestrial land surfaces. 
The spectrometer covers the wavelength region 350-2700 nm with spectral resolution -1.5 to 12.0 
nm. Data acquisition and recording are microprocessor-controlled. The output signal is sampled in 
wavelength every -0.5 to 6.0 nm and  converted to  12 bit digital data in the microcomputer. The 
wavelength scan interval as well as other functions are programmable. A complete spectral scan 
400 to 2500 nm requires about 40 s. 

The GER spectrometer is employed in the field to provide moderate resolution measure- 
ments of spectral bidirectional reflectance of surface targets and to carry out moderate spectral res- 
olution measurements of atmospheric transmittance using a specially designed sun-tracking 
mount. These measurements are useful in their  own right, first providing moderate resolution op- 
tical depth determinations, and  second intercomparisons with determinations from the sunphotom- 
eters. Since the GER is a grating instrument it is not subject to the same degradation of the dispers- 
ing element from solar radiation as are interference filters. Thus systematic changes between re- 
sponses of the two types of instruments may help to pinpoint otherwise difficult-to-detect changes 
in sunphotometer performance. 

7.4.6 ASD field  spectrometer 

The Analytical Spectral Devices (Boulder, Colorado) Field Spectrometer (ASD) is a porta- 
ble, light weight, battery powered instrument that uses a trifurcated fiber-optic cable to sample the 
light field being measured. Inside the instrument the  supplying fiber-optic bundle within the cable 
is divided into three bundles. Each of these delivers the collected radiation to the entrance slit of 
one of three spectrometers. Technically the instrument provides measurement of the surface spec- 
tral HDRF at normal viewing,  when output is compared to Spectralon field reflectance standards 
and corrections made for reflectance of Spectralon. The ASD spectrometer analyses radiation in 
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the spectral range 350-2500 nm  using three spectrometers (I, 11, III). Spectrometer I uses a 512 el- 
ement silicon photodiode m a y  coated with  an order separation filter and covers the wavelength 
region 350-1000 nm (VNIR)  with sampling interval 1.4 nm. The VNIR spectrometer has spectral 
resolution (FWHM) of approximately 3 nm. The short-wave infrared  (SWIR NIR) portion of the 
spectrum is covered by two scanning spectrometers. Both  employ light dispersal with holographic 
concave gratings and thermoelectrically cooled InGaAs detectors. The first of these spectrometer 
(11) covers the interval 900 nm to 1800 nm  and the second (111) from 1700 nm to 2500 nm. The 
spectral sampling interval is 2 nm and spectral resolution 10-1 1 nm. The fiber optic cable has a full 
view angle of 25 ,with special attachments allowing restriction to 8 .The total spectral acquisition 
time is rapid on the order of a few seconds to accumulate averages of 10 spectra, but depending in 
detail on integration time options chosen, making  the instrument very useful for rapid acquisition 
of large numbers of ground spectra that may be coadded, and  which therefore can be used to  form 
average HDRF reflectances of large natural target areas. Rapid  measurement  of one or two km 
length targets is required for in-flight calibration of the pushbroom ASAS sensor, for example and 
areas of this order and larger are contemplated for vicarious calibration of MISR. The instrument 
in particular is useful for calibration of nadir-viewing sensors and for gaining measures of the vari- 
ation of reflectance from place to place to form statistical pictures of the variability. 

'7.5 ANCILLARY  FIELD  INSTRUMENTS 

7.5.1 Air Research  Corporation  balloon-borne  tropospheric sounder 

The Air Research Corporation balloon tropospheric sounding system is used to determine the 
distribution of relative and absolute humidity  through the boundary layer. The system consists of 
the Airsonde balloon-borne instrument package and a ground station known as the Atmospheric 
Data Acquisition System (ADAS). The Airsonde package transmits measurements of each sensor 
it contains by FW telemetry at a frequency of about 400 MHz to the ADAS. The basic Airsonde 
sounder package makes measurement of atmospheric pressure, as well as hygristor sensors to de- 
termine relative humidity. ADAS calculates relative humidity, records elapsed time and sends the 
data to a laptop computer. ADAS can be operated stand-alone with internal or external battery 
power for operations remote from line power. The atmospheric data received by the station are dis- 
played in real time every 5-6 seconds for manual recording if necessary. No tracking of balloon 
ascent is done apart from independent measurements  by theodolite. Balloon altitude is inferred 
from atmospheric pressure. Pressure altitudes of about 100 mb have been achieved. The relative 
humidity recorded by the package at  the surface prior to launch is used to correlate readings with 
those from an automated surface weather station, described below. 

7.5.2 Whole-sky and  whole-ground  camera  system 

Routine monitoring and recording of ground  shadow patterns and sky and cloud cover con- 
ditions will be carried out to support PARABOLA I11 and sunphotometer observations using a pair 
of Nikon N8008 single lens reflex autofocusing film cameras.  In addition, image sequences gath- 
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ered automatically with pairs of cameras at selected time intervals will be used to estimate cloud 
motions and cloud base (and top) heights. These cameras are equipped with 8 mm f/2.8 Fisheye- 
Nikkor lenses and Nikon MF-21 Multi-control databacks. The fisheye lenses records every object 
in a full 180" hemisphere and produces a circular photographic image 23 mm in diameter on film. 

7.5.3 Davis Weather  Monitor I1 

We employ a Davis Weather Monitor IFM weather station to determine local surface meteo- 
rological variables on a continuous basis during field experiments. The system components include 
weather computer, temperature, wind  speed and direction, atmospheric pressure and relative hu- 
midity and rainfall amount sensors. Time and date are automatically recorded. The data can be fed 
via a standard serial port to laptop computer for permanent storage and display. 

7.5.4 Magellan Global  Positioning  System 

To determine geographic position  we use a Magellan Systems Corporation NAV 5000 PRO 
GPS unit. The NAV 5000 PRO  uses  up to five channels  working simultaneously to locate and col- 
lect data from the GPS satellites. Rapid processing by  the unit allows computation of current posi- 
tion, altitude, velocity, and navigation data in less than one minute. Updates are produced every 
second. The instrument calculates altitude as either height above the ellipsoid of choice or eleva- 
tion above mean sea level. The unit is generally capable of 50 m (RMS) horizontal accuracy in 
stand-alone operations. The instrument can store up to 1500 position fixes, which can be down- 
loaded to a PC for monitoring of position changes which  may be important during observations 
while under way at sea. 

Differential GPS techniques afford  better  than 1 meter accuracy when two units are used 
(one at a known location). This technique will be used to measure the relative placement of exper- 
iment site features and the geographic locations of  MISR pixels at all viewing  angles. This will al- 
low efficient and rapid locations for delineation of ground  measurement areas. Most detailed fea- 
tures especially on uniform targets (dry lake beds) are not readily discernible from topographic 
maps alone or possibly even aerial photography  unless the sites happen to be marked, such as by 
colored tarpaulins. 

7.5.5 Kipp  and  Zonen  Albedometer 

The Kipp and Zonen Albedometer Model CM  7B is a precision instrument that measures in- 
dependently global (direct plus diffuse) total solar irradiance, coupled with total radiant exitance 
at the surface. The two observations combined as the ratio irradiancekadiant exitance yield the sur- 
face albedo. The spectral response is 300 to 3000 nm  with a resolution of 2 W/m2. The azimuthally 
independent cosine response is known  better than 1% for zenith angles less than  75", and 2%  be- 
tween 75 "and 90". The instrument is ruggedized for field use  but  may be operated under both field 
and laboratory conditions. 
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The principal uses of pyranometer measurements are to provide direct connections between 
the spectral values of the downwelling irradiance measured  by the sunphotometers and other field 
instruments (MFRSR, PARABOLA 111) and the total solar irradiance incident at a site. The instru- 
ment  will also allow inference of the presence of clouds by departures from expected clear sky ir- 
radiances, an important factor in interpretation of MFRSR data for the direct normal incident radi- 
ation. The total albedo (e.g., [82]) is a quantity of importance to radiation balance studies is a func- 
tion of solar zenith angle and cloud cover, and will provide important connections to measurements 
in the SURFRAD network [28], and in relation to CERES validation [9]. 
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8. RADIATION  NETWORKS,  LONG  TERM  SITES,  AND  ARCHIVES 

8.1 INTRODUCTION 

Achievement of the long term global product validation goals of MISR depends upon the ex- 
istence of networks and special sites that provide continuous well-calibrated surface and other at- 
mospheric observations relevant to MISR’s  products,  and upon special sites that offer unique in- 
frastructure to study surface cover. Two radiation networks,  AERQNET and ISIS, the ARM CART 
site, and the BOREAS experiment site, together  with  other special vegetation sites are described 
in this chapter. The BQREAS experiment area has been  used for a MISR algorithm validation ex- 
periment over a dense dark vegetation (DDV) canopy. 

There are pre-launch and post launch  uses of the networks planned for validation, both of 
which have the same goal, comparison of ground-based retrievals from the networks using well 
established algorithms, with retrievals using  MISR algorithms via  AirMISR or MISR observations 
for intermediate radiation quantities (surface radiances and irradiances), aerosol properties. and 
possibly BHR. at selected stations. The following pertains mostly to aerosol retrievals. 

In pre-launch time overflights of AirMISR are planned at selected stations to provide point 
comparisons in time of the remote retrievals with the ground-based retrieval time series. 

In post-launch time the  ground-based  time series from many  widespread stations, represent- 
ing the maximum range of aerosol types  and concentrations and environmental conditions, will be 
correlated with an accumulating time sequence of  MISR retrievals. 

Both pre- and post-launch types of intercomparisons will  be accompanied by estimates of 
the uncertainties involved in each pathway. The point intercomparisons plus associated error bud- 
gets will constitute the basis for validation of the MISR products and will hopefully lead to better 
understanding of scaling issues between  the  ground-based  validation path and the MISR retrieval 
path. 

8.2 GROUND  RADIATION  NETWORKS 

8.2.1  AERONET 

A network (Holben, et al., [30]) of 50-60 weather-resistant fully automated CIMEL sun/sky 
photometers accumulating observations at seven wavelengths (including water vapor) between 
340 and 1030 nm is under development and deployment over five continents and a few marine sites 
by investigators at NASNGSFC.  The purpose is to assess long term time-dependent aerosol con- 
centrations and properties at remote sites. The system transmits data from individual solar radiom- 
eters using the Geostationary Data Collection System. Real  time inversions of both direct solar and 
sky radiance observations generate time-dependent aerosol optical depth, size distribution, phase 
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function, and atmospheric column water vapor  content at each site and perform an assessment of 
instrument calibration and  health. The Surdsky radiometer data are accumulated in a data base to 
provide a long term continuous climatology of aerosol concentrations and properties over the net- 
work. The network will provide a direct means of near  real-time validations of atmospheric aerosol 
abundance and property retrievals derived from analysis of  MODIS  and  MISR top-of-atmosphere 
radiance measurements in a diverse series of important globally-distributed aerosol environments. 

The MISR validation team will use our own CIMEL instrument to derive intercomparison 
data sets with a few of these network instruments, as a basis for mapping CIMEL aerosol values 
onto those derived by  MISR.  We will further maintain a local CIMEL station contributing to the 
database as part of the network as a further basis for judging MISR data quality. An ever present 
issue is relevance of a point aerosol  measurement relative to a MISR value (250 m minimum areal 
size). Networks of a few MISR solar radiometer stations locally (-km spacing), plus correlated 
time dependent records from each, will be used to estimate areal variability of aerosol load and how 
good an estimator the record from a single station is in mapping variability of larger tropospheric 
air volumes. 

In the pre-launch phase of MISR aerosol algorithm validation the principal objective will be 
to intercompare retrievals of aerosol optical depths, size distributions and phase functions achieved 
with the CIMEL instruments and associated inversion software with aerosol loadings and proper- 
ties derived from inversion of measurements  with the Reagan sunphotometers, our CIMEL instru- 
ment, PARABOLA III direct and sky radiance measurements, and the MFRSR. 

Distribution of CIMEL radiometers in AERONET - The current GSFC operational network 
of automated sunphotometer stations is described in 1301. Locations of some of these stations and 
the dominant aerosol type expected, are given in Table 17. A map showing the distribution of both 

Table 17: Compilation of long-  and  short-duration  automated sunphotometer (CIMEL) 
sites and  expected  average  aerosol  types 

Network Station Location Aerosol  ‘Qpe 

Brazil biomass  burning, background continental 

I Central Canada (BOREAS) I high latitude continental, biomass burning 

Europe sulfate, background continental 

Long Term Ecological Reserve (LTER) desert, eastern continental, high-latitude conti- 
nental, maritime 

~ ~ ~~~~~~~~ ~~~~ ~ 

West Africa eolian dust, background continental 

Oceanic Islands marine/oceanic 

Short Term Moveable industrial pollution, sulfate, forest fire smoke, 
background continental, desert, oceanic 
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seasonal and permanent stations and corresponding to MISR local mode sites is shown in the Ap- 
pendix, Figure A- 1. 

8.2.2 ISIS 

NOAA Integrated Surface Irradiance Study (ISIS) is a surface radiation monitoring network 
in the United States recording continuously the diffuse and hemispheric solar spectral irradiance at 
a group of stations using a seven channel shadow  band radiometer, MFRSR. The instrument array 
was selected to conform with recommendations of both the WMO, Baseline Solar Radiation Net- 
work (BSRN) sponsors and U.S. scientists. The network is carefully maintained and calibrated. 
The ISIS stations will be a network independent of AERONET supplying optical depth measure- 
ments  on a continuous basis for comparison with  MISR retrievals. In addition, values for the down- 
welling (and upwelling) irradiance at the surface will be used to compare  with the incident irradi- 
ance calculated from the MISR retrievals. We will use our own  MFRSR instrument to derive in- 
tercomparison data sets between a few of these network instruments as a basis for mapping 
MFRSR aerosol values and irradiances into those derived  by  MISR  and for study of problems of 
instantaneous aerosol variations. See the Appendix, Figure A-2, for locations of the stations. 

8.2.3  IMPROVE Network 

The Interagency Monitoring of Protected Visual Environments (IMPROVE) network con- 
sists of 30 original monitoring sites used to monitor and protect Class I visibility areas, national 
parks and national wilderness areas larger than  about 20 square kilometers in size. See Eldred et 
al., [17]; Malm et al., [48]. Optical monitoring  with transmissometers and nephelometers is now 
being conducted at 18 sites. In addition monitoring of particulate size and composition is carried 
out on a twice weekly basis to establish connections  between  visibility degradation and the respon- 
sible particulate agents. Some of the IMPROVE  network sites will be monitored as part of MISR 
local mode retrievals to examine connections between  MISR  aerosol retrievals, local visibility of 
the atmosphere and size and chemistry of the particulate agents involved. 

8.3 LONG TERM  SITES 

8.3.1  ARM  CART 

The Atmospheric Radiation Measurement  (ARM) program focuses on atmospheric mea- 
surement and modelling, emphasizing tests of parameterizations of cloud and radiative processes 
used in atmospheric models [78]. The Cloud  and  Radiation Test Bed (CART), Lamont, Oklahoma, 
is the facility providing continuous observations for the testing of models. In addition to the ARM 
CART site, Oklahoma, two additional sites are planned, a Tropical Western Pacific location and a 
site on the North slope of  Alaska. These taken  together provide coverage under virtually all rele- 
vant climatic conditions. Of special importance to long term MISR validation goals are the follow- 
ing instruments and measured  quantities: 
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Multifilter upward  and  downward-looking radiometers mounted on 10 m and 25 
m towers -bihemispherical reflectance estimate as function of solar zenith angle. 

Belfort Laser Ceilometer - cloud  height, extinction coefficient, cloud layers. 

Multi-Filter Rotating Shadowband  Radiometer  (MFRSR) - direct normal, dif- 
fuse horizontal and total horizontal solar irradiances, derivation of atmospheric 
multispectral optical depth, column ozone abundance, column water vapor abun- 
dance, column aerosol optical depth. Two of these instruments are co-located, 
one mounted on a 10 m tower,  downward looking, the other at  the surface, up- 
ward looking, provide estimates of surface bihemispherical reflectance. 

Whole sky imager (WSI) - cloud field and cloud field dynamics over upper 
hemisphere. 

Aerosol Facility - aerosol optical absorption, multispectral integrating 
nephelometry, optical particle counter, condensation particle counter, tropo- 
spheric ozone monitoring. 

Wind, temperature and  humidity sounding systems - Balloon-borne sounding 
system, Radio Acoustic Sounding System (wind profilers), Multifilter Rotating 
Shadowband Radiometer  (MFRSR)  network. 

BOREAS 

The Boreal Ecosystem-Atmosphere Study (BOREAS)  was a major deployment of US and 
Canadian scientific resources. US efforts were sponsored  and coordinated by  NASA. The 
BOREAS experiment site in central Saskatchewan is included here because of the significant tower 
infrastructure present suitable to MISR  validation  needs in boreal forest canopies, and because of 
the possibility (resources permitting) that  the site may be revisited for measurement of B W  in the 
post-launch time frame. A summary of results from the 1994 field campaign is given in [72]. 

The principal focus of BOREAS is on biological and physical characterization of major and 
minor forest canopy components and  upon  measurement of fluxes of C02, methane, and other 
trace gases, latent and sensible heat between canopy and atmosphere. Precipitation, soil, atmo- 
spheric and runoff water measurements are also made. Accurate mass  and energy flux measure- 
ments are provided at three so-called flux tower sites located in homogeneous areas of Old Aspen 
(OA), Old Black Spruce (OBS),  and  Old Jack Pine  (OJP) forest cover. The PARABOLA instru- 
ments were deployed at each of these sites suspended 15 m above  as  well  as within each canopy 
near the surface, both on cable tramways. The in-canopy  measurements will be used to estimate 
FPAR for these canopies. The above-canopy observations provide downwelling directional sky ra- 
diance as well as canopy-reflected radiance as a function of solar zenith angle. The PARABOLA, 
mounted on its tower to tower tramway infrastructure, provides an average representation of aver- 
age forest canopy reflecting properties over the horizontal span of 70 meters.covered b the tram- 
way. Such tower facilities enable measurements  on  canopies of such large stature (about 15 m tree 
height). 

111 



8.3.3 MISR Local  Mode Sites 

MISR Local Mode sites are sites that  will be acquired post-launch on a regular basis at the 
full MISR spatial resolution of  275  m  and  along-track length of at least 17.6 km Such sites have 
special uses such as support of the vicarious calibration of MISR, as well as aerosol, surface, and 
TONCloud scientific product retrievals. For example, potential local mode MISR sites for aerosol, 
surface, and radiation product retrievals include stations of the AERONET, the ISIS network, and 
the SGP ARM site. An additional local mode site for which long term aerosol, surface irradiance, 
and reflectance observations are planned at  the surface is the Jet Propulsion Laboratory (site coor- 
dinates are Lat. 34’11’54’’;Long. 118” 10’20”). This site will be instrumented with CIMEL, 
MFRSR, and PARABOLA and  a meteorological station recording surface wind speed, direction, 
atmospheric pressure, temperature, and relative humidity. All of these instruments are outfitted to 
record long term observations with at least 30 sec sampling interval or longer. Nearby at JPL (e.g., 
[52]), a  ground-based CO, lidar is operated on a  weekly to twice-weekly daytime basis and pro- 
vides long term altitude- dependence and range of variability of aerosol backscatter profiles over 
the Pasadena site. These lidar data will be available for interpretation and intercomparison with our 
on-going accumulations of aerosol abundances  and microphysical properties. 

8.3.4  Wind  River  Canopy  Crane 

The Wind River Canopy Crane research facility is a forest system observatory managed by 
the University of Washington College of  Forest Resources, USDA Forest Service Pacific North- 
west Research Station and  Gifford Pinchot National Forest. The crane itself is 250 ft tall and  has 
a load jib that is 280 feet long. The gondola can rise 225 feet into the air or be lowered in almost 
any location in a 550 foot circle, giving access to more  than  2.4  hectares  of old growth canopy con- 
sisting of Douglas Fir and Hemlock. 

The crane provides a site for long-term  monitoring  of canopy BRF and easy access vertically 
through the canopy to perform light attenuation  measurements. The crane facility will be used  as 
a long-term local mode site for monitoring of canopy reflectance and correlation studies of  bio- 
physical parameters. 

8.4 ARCHIVES 

8.4.1  Global  Energy  Balance  Archive 

The objective of the Global Energy Balance Archive  (GEBA) ([59], 1601) is to organize in- 
strumentally measured energy fluxes from stations distributed  over the globe and representing con- 
tributions from greater than 800 stations among  which  were  more than 130 stations (1988) with 
more than one year’s net radiation measurements. This number  is expected to  be substantially 
greater at the present time. The main sources of data are periodicals, monographs, data reports and 
unpublished sources, which has led to unevenness in quality control, but a  major effort has been 
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instigated to upgrade quality of all observations selected for the database. Among the uses that 
have been made of the Archive are validations of radiation calculations by GCM models [22], and 
in studies of discrepancies between  models  and observations in the disposition of solar energy 
within the Earth’s climate system [88]. 

Among the recorded data are direct solar radiation and diffuse sky radiation which are of 
principal interest to post-launch MISR  validation activities at stations represented in the Archive. 
The predominance of these stations from around the world are in addition to those presently rep- 
resented in the ISIS and AERONET networks. 

113 



9. FIELD EXPERIMENTS 

9.1 APPROACH 

Definition - Afield experiment is a coordinated  group  of activities carried out under chosen 
atmospheric and surface conditions designed to provide data for comparison of two geophysical 
parameter retrievals based on independent measurements  and techniques. The retrievals are those 
of the ground-based and the MISR-based  paths. The focus here is: (1) to test MISR retrieval algo- 
rithms (pre-launch) or data products (post-launch) for differences present between ground-based 
and MISR-based approaches, (2)  to provide periodic on-orbit (vicarious) calibrations of MISR us- 
ing natural ground targets, surface, atmospheric  and radiation measurements. 

Definition - Afield campaign is an activity that involves conducting one or more field ex- 
periments. 

The purpose and methods employed for each of these experiments are defined as follows: 
Section 9.2 describes calibration and intercalibration of ground  based field instruments; Section 
9.3 discusses field calibration of MISR simulator and  other aircraft instruments. The methods used 
here are closely related to those to be  used for vicarious calibration of MISR itself in flight; Section 
9.4 discusses TOA radiance intercomparisons; and finally, both algorithm validation and product 
validation are covered in Section 9.5, since such experiments will typically be performed simulta- 
neously during post-launch campaigns. 

9.2 CALIBRATION  AND  INTERCALIBRATION  OF  FIELD  INSTRUMENTS 

9.2.1 Purpose 

Calibration provides the constants for conversion of instrument response to radiance or irra- 
diance (SI) units. Establishing and maintaining the calibration of field instruments is crucial for re- 
trieval of accurate time-series of atmospheric optical depths and aerosol properties that may be: (1) 
intercompared from one time to another,  or (2)  intercompared between geographically separated 
stations. 

The previously described methods  (Section 3) for retrieval of aerosol microphysical models 
and surface reflectance depend upon the use of multiple field instruments. Hence knowing the re- 
lationship between instrument responses in terms of radiance and irradiance units is necessary. 

9.2.2  Methods 

Calibration for the JPL field instruments described here, constitutes: (1) radiometric deter- 
mination of  Vo,the zero airmass instrument response, (2)  determining spectral response functions 
of individual channels, (3) determining cosine response of the MFRSR,  (4) providing for traceabil- 
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ity of radiometric calibrations to NIST standards that provide SI units. 

Instrument and method intercomparison campaigns constitute exercises among different 
EOS instrument groups (for example, MISR, MODIS, ASTER) for intercomparison of atmospher- 
ic optical depth retrievals, measurements of surface spectral reflectance, intercomparison of radi- 
ative transfer codes leading to intercomparison of TOA radiance determinations. Preliminary re- 
sults from  one such campaign have been  reported  by  Thome, et al. [85]. 

9.2.2.1 Determination of radiometric instrument calibration: laboratory and field 

Radiometric calibration is carried out in the laboratory using  NIST- traceable standard lamp 
observations or observations with the MISR integrating sphere used to provide pre-launch labora- 
tory radiometric calibration for MISR. The laboratory calibration of MISR and characterization of 
the calibration sphere is described in [M-11, M-121. The MISR integrating sphere itself contains 
25 independent lamps capable of covering the solar reflectance range of 0.0 -1 .O. Thirty radiance 
levels are used to characterize behavior of field instruments with its use. The laboratory calibration 
is carried out to capture accurately the low radiance level instrument response, especially for PA- 
RABOLA I11 (which has a total dynamic range of  220) to encompass targets of  low reflectance (wa- 
ter, vegetation) as well as the direct solar beam. The PARABOLA detectors display slight non-lin- 
ear behavior over surface -> solar irradiance range so that both laboratory and Langley-based field 
calibrations are needed to characterize the complete range. The laboratory calibration provides 
source stability seldom enjoyed by field determinations, and is useful for characterization of inher- 
ent instrument noise levels independent of atmospheric fluctuations. A laboratory determination of 
instrument V,, either relative to that of a nearby channel which has been determined in the field, or 
absolutely from a standard lamp, is essential for the 940 nm  water  vapor channel of all solar radi- 
ometers. This  is because of the inherent unsuitability of the Langley method for this purpose due 
to the usual water vapor fluctuations in the  sky. 

In the field the  so-called  Langley  method is used for determination of V, for Reagan, CI- 
MEL, MFRSR and  PARABOLA  using  the Sun as a source. The Langley method is well-known 
and straightforward to use, but  must  be  applied  with caution. The method depends upon determi- 
nation of slope and intercept by least square  methods of scatter plots of logarithm of instrument 
response vs. airmass. The zero airmass intercept together  with standard error of its determination 
may be made without regard to calibration of the instrument in terms of SI units, which requires 
specification of the exoatmospheric solar irradiance over channel bandpasses. The slope and its 
standard error constitute an estimate of average z over the observation period with uncertainties. 
Stable skies are required for use of the Langley method of calibration. Strictly, even for clear skies, 
this is in general not the case. i.e., there is instability and  possibly secular variation in the abun- 
dance of aerosol scatterers present. Since instantaneous optical depth retrievals (two-point deter- 
minations) are especially sensitive to uncertainty in Vo, the field calibration of solar radiometers is 
of special concern. An analysis of this field calibration problem was carried out by Bruegge et 
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aZ.[6] at FIFE (see also [27]). Experience there found local calibrations, as opposed to calibrations 
from high mountain sites, to be preferable. 

To help guard against introduction of bias into retrieval of V, because of secular changes in 
airmass characteristics, the temporal spans of observations used for its calculation are limited to a 
specific air mass range, for example, 5.5 to 1.5. On calibration days at ordinary field sites, the time 
history of residuals of instantaneous optical depth compared to the long term average, and is in- 
spected for systematic trends. Days with random variation of residuals about the mean optical 
depth are sought. Days with  pronounced systematic trends are discarded for calibration purposes. 
Examination of optical depth retrievals around solar noon  will isolate changes in 7 as opposed to 
solar zenith angle A collection of three to five daily records of such stability are averaged to obtain 
a local value of the calibration. Measurements of the Sun are also taken at high altitude mountain 
sites under stable homogeneous atmospheric conditions Such calibrations are repeated at regular 
intervals (every six months) to establish variations in the calibration over time. 

9.2.2.2 Spectral response functions 

The spectral response functions of individual solar/sky radiometer channels give the com- 
bined effect of filter function, spectral response of the detector plus electronic system influences. 
These functions are determined at a spectral resolution of about 1 nm using collimated light sources 
from a well-calibrated monochromator, provided  by  the JPL standards and calibration laboratory. 
The low energy incident on the instrument aperture usually requires synchronous detection of the 
resulting radiometer signal, which is then  analyzed to provide an estimate of system response. The 
results are normalized to the maximum response in each channel. Mostly these response functions 
can be approximated adequately by a Gaussian curve shape,  but there are exceptions. For example, 
the spectral response function at 940 nm for the  Reagan radiometers is not Gaussian-shaped. De- 
tails of the shape are required to obtain accurate rules for retrieval of response to water vapor col- 
umn abundance via water vapor transmission spectra contained in the MODTRAN I11 atmospheric 
transmittance code. 

9.2.2.3 MFRSR calibration and characterization of the cosine response functions 

The MFRSR diffuse/direct radiometer radiometric calibration is provided both by the man- 
ufacturer (Yankee Environmental Systems [YES]) and in the field through application of the Lan- 
gley method to the derived direct beam instrument response. The manufacturer calibration is car- 
ried out on the total response using a well-calibrated integrating sphere traceable to NIST. 

In addition to determination of instrument V,, YES also performs a detailed spectral deter- 
mination of the azimuthal and  zenith angle dependence of the receiver response to correct for non- 
Eambertian performance of the receiver. These are supplied with  the instrument as part of standard 
software reduction for adjustment of direct solar irradiance determinations. and are updated with 
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each refurbishment of the instrument by  the  manufacturer. 

9.2.2.4 Traceability or verification  by NIST standards 

Calibration of the MISR integrating sphere with respect to the Goddard Spaceflight Center 
integrating sphere, the Optical Sciences Center, University of Arizona, integrating sphere, and 
Optical Technology Division, NIST, have been carried out using transfer radiometers as part of a 
round-robin intercalibration of these calibration standards. NIST has verified radiance calibration 
of the MISR integrating sphere to within +3%. 

9.2.2.5 Intercalibration campaigns involving EOS  and other experiment groups 

An integral part of sky and  ground  measurement  campaigns involving diverse instruments 
and EOS groups are instrument intercalibration exercises. Intercalibration campaigns between 
groups from differing facilities face problems of differences in methods  of data reduction as well 
as differences in instruments and field reflectance standards used. Intercalibration between (multi- 
ple) instruments is carried out by simultaneous observations of the Sun or for reflectance, the 
ground, at the same site and at the same time. Intercalibration establishes the difference in instru- 
ment response expected for the same conditions and  provides  a basis for mapping of determined 
optical depth and surface reflectance from one solar radiometer to another  and from one portable 
spectrometer to another. 

Such campaigns have so far been  carried out at high altitude or desert sites that are expected 
to be used for vicarious calibrations. We expect to participate whenever possible with other EOS 
groups in such intercalibration activities. Two such intercomparisons at Mt Lemmon, Arizona have 
been carried out in 1994 and 1996, and two at Lunar Lake, Nevada, 1994 and 1997. The latter lead 
to intercomparisons of optical depths, surface reflectance and RTCs leading to intercomparisons 
of TOA radiances among four groups (see Thome, et aZ.[85]). 

The 1997 field campaign was  preceded  by intercalibration sessions at Optical sciences Cen- 
ter, University of Arizona, to characterize reflectance standards using NIST traceable standard 
sources. 

9.2.2.6 AERONET and  ISIS calibrations. 

The estimation of calibration coefficients for CIMEL radiometers at field sites in the AERO- 
NET network is carried out by  the Langley method, examining the airmass-dependent output of 
each instrument to  judge quality of the atmospheric  and cloud conditions and to eliminate obvious- 
ly aberrant data points. The calibration coefficients so obtained from the edited data sets are accu- 
mulated as a record of possible changes over time in instrument response. 
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Since it is not feasible to remove each instrument of the network to a high altitude site  for 
independent calibration, an alternative method is in situ comparison of the response with a well- 
calibrated standard instrument, with the transfer solar radiometer calibrated at a known site of ex- 
cellent sky characteristics such as  Mauna  Loa Observatory, Hawaii. 

Similar procedures are followed for MFRSR radiometers that comprise the ISIS network. 
These comprise one component of the NOANARL Surface Radiation Research Branch (SUR- 
FRAD). Operation of this network includes much effort in the  yearly calibration and characteriza- 
tion of the radiation measurements provided  by the MFRSRs. 

Adoption of the optical depth and other aerosol property retrievals supplied by the CIMEL 
or ISIS networks for post-launch MISR data product validations means that connections between 
these retrievals and ground-based retrievals accompanying algorithm validation field campaigns 
with AirMISR must be established. Intercalibration campaigns  will be implemented through si- 
multaneous field observations involving the MISR validation instrumentation and CIMEL instru- 
ments. 

9.2.2.7 Validation of ozone and  water  vapor retrievals 

Corrections of residual optical depths (total minus  Rayleigh component) for ozone and water 
vapor absorptions, are required to isolate the aerosol component. It is important to derive esti- 
mates of column ozone abundance and  column water vapor  amount on a time dependent (instan- 
taneous) basis from the sunphotometer data themselves because the instantaneous aerosol optical 
depth values are required to compare  with overflights. We will validatehalibrate the procedures 
employed for the gas and water vapor extractions (Flittner et al method for ozone, MODTRAN I11 
law for water vapor), and compare them to values from methods  used  by others. The column abun- 
dances obtained from the solar radiometry  will be validated  with  column amounts derived from 
analysis of single gas absorption lines using  JPL’s  Mk  IV interferometer at JPL and  by intercom- 
parisons with standard ozone measuring instruments at other sites. 

An example of the use of the latter for ozone is supplied  by comparisons carried out between 
ozone column abundances from Brewer spectrophotometer observations with those obtained from 
reduction of Reagan data using the Flittner method. The(standard) Brewer observations have been 
verified to the 1-2 percent level by intercomparisons with ozone sonde and other measurements, 
so we can be assured of the  column  abundances  obtained are well established.Retrievals of ozone 
column abundance using the Flittner method  and Reagan observations at a CAPMON station (Sat- 
urna Island), have shown good agreement  between  standard  and  Reagan values. In fact the Reagan 
retrievals of column ozone prove sensitive to the calibration constants VO. This suggests the pos- 
sibility of using such intercomparisons to secure VO values  on a secure basis independent of the 
usual Langley method, which has been criticized in the past for its dependence on optical depth 
invariance through the calibration period. 
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9.2.3 Exoatmospheric solar irradiance  spectrum  adopted 

Wherever the conversion of V@ of our field instruments to irradiance units is required, we 
have adopted the World Radiation Center (WRC) exoatmospheric solar irradiance spectrum [86] 
for this transformation. 

9.3 VICARIOUS  CALIBRATION OF AIRBORNE  INSTRUMENTS  AND  MISR 

9.3.1  Purpose 

Field calibration experiments involving the MISR simulators (either ASAS or AirMISR) or 
AVIRIS will include an inflight calibration of the  sensor. Inflight calibration, also termed vicarious 
calibration, means development of transformation formulas between the instrument spectral re- 
sponse and a calculated upwelling spectral radiance at the sensor. Inflight calibration is required 
because laboratory based calibrations may  not  apply  under flight circumstances because of chang- 
es in sensor characteristics. The vicarious method  will  be  used to provide an independent pathway 
for the inflight calibration of  MISR itself. 

9.3.2 Methods 

Three methods of vicarious calibration will be employed. Then an outline of a strategy for 
use of AirMISR as a well-calibrated instrument for radiance-based  work is outlined.: 

9.3.2.1 Reflectance-based 

The reflectance-based method employs a bright homogeneous natural target that encompass- 
es pixels in the sensor ground footprint. The target (non-Lambertian) reflectance and atmospheric 
properties are measured  and  used to constrain a radiative transfer code (RTC). The RTC is used to 
calculate upwelling radiance at the sensor (TOA radiance) which consists of the path radiance plus 
direct and diffusely transmitted components reflected from the surface. The spectral response func- 
tion of the sensor is established by comparing the calculated spectral radiance pixel by pixel with 
the instrument response over the target. 

A significant difference between conventional applications of the vicarious method to cali- 
bration of (essentially) nadir-viewing sensors as Landsat or AVIRIS, and application to MISR is 
the need for radiance determinations in nine  upwelling directions for nine separate MISR cameras 
with view angles ranging over 70.6', including nadir. This requires specification for the RTC of 
an aerosol scattering model, which  in practice, will be estimated from and constrained by other 
measurements and retrievals using  methods outlined in Chapter 5. Most important, application of 
the method also requires accurate determination of the surface BRF with PARABOLA 111, 

The smaller footprint sizes of  AirMISR pixels at all angles of view presents less of a problem 
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for sampling of the surface BRF than that posed  by  MISR. (see below) 

9.3.2.2 Diffuse/direct measurement substitution at surface 

A second method by Biggar et al. [4]  for calculation of TOA radiance is to use measurements 
of the ratio diffuse irradiance/direct irradiance at the surface to eliminate a function describing dif- 
fusely transmitted flux in the TOA radiance equation. The atmospheric optical depth and surface 
reflectance must be measured. The path  radiance,  together  with  the bihemispherical backscatter 
function of the atmosphere must be calculated from the RTC for assumed or measured atmospheric 
scattering properties. The additional measurements  (carried out in practice with MFRSR) reduce 
the number of functions that require calculation from the  RTC. The original method of [4]  must 
be modified for MISR application to allow for non-Lambertian surface reflectance. It is easier for 
this modification to constrain the aerosol model by forcing agreement  between the calculated and 
measured downwelling irradiances at the surface after incorporating the measured BRDF. 

9.3.2.3 Method  of propagation of surface-leaving radiance through atmosphere 

A third method is available if  measurements  of the surface-reflected radiance (carried out in 
practice with PARABOLA) are available together  with  the optical depth. Since the surface reflect- 
ed radiance is measured directly, TOA radiance may be calculated by propagating the surface- 
reflected component through the atmosphere using  the  governing integral equation of radiative 
transfer. The TOA emergent radiance is thus  obtained  without calculation of the surface BRDF. 
The RTC is required to calculate the path radiance  and the diffuse atmospheric transmittance, both 
from the best-determined aerosol model 

9.3.2.4 Radiance-based calibration of AirMISR 

A fourth method involves a radiometrically  well-calibrated instrument aloft. The main goal 
here is to use AirMISR itself  as a multiangle radiometer. The imaging spectrometer AVIRIS  co- 
flown with AirMISR will act initially as a presumed well-calibrated auxiliary radiometer for view- 
ing directions close to normal to the surface. 

Once the calculation of multiangle monochromatic spectral TOA radiances is possible based 
on field data, the inflight vicarious radiometric calibration of  AirMISR becomes possible. This will 
enable the spectral output of the single gimballed camera of that instrument, for all nine camera 
positions and all spectral bands, to be interpreted in terms  of the incident radiance at AirMISR. To- 
gether with on-board PIN and HQE diode readouts, the AirMISR  will approach a well calibrated 
radiometer permitting radiance based calibrations of MISR. These studies on radiometric calibra- 
tion of AirMISR inflight are planned at one or more desert sites as well as other locations. 

9.3.2.5 Use of  AVIRIS for radiance-based comparison of nadir AirMISR views 
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As a whiskbroom sensor with pixel size of about 20  m, the entire AVIRIS detector array can 
be calibrated from field measurements by a target of 20 pixels or so, that is 200 by 40 m in dimen- 
sion. Through the use  of  on-board calibration systems and  the ground-based calibration, AVIRIS 
provides near nadir (k20" about nadir)  of surface scenes at 20 m spatial resolution, with an absolute 
accuracy of about 3% [27]. The observed  ground swath of AVIRIS scenes is about 10 km, and  thus 
covers the entire AirMISR scene at the nadir view. Thus AVIRIS  can provide a means of checking 
the calibration of AirMISR over the entire detector array at nadir, for comparison with a calibration 
obtained by the ground-based method. 

9.3.2.6 Extension to MISR 

The on-orbit vicarious calibration plan for MISR  will involve the four approaches mentioned 
previously. Two will be discussed here:  (1) reflectance-based, and (2) radiance based using 
AirMISR  with  AVIRIS as a supporting spectral radiometer 

A complete in-flight reflectance-based calibration of a pushbroom detector array requires a 
ground target of linear dimensions equivalent to the projected length of the spatial dimension of 
the (pushbroom) detector array at the surface. For  ASAS  as  an example, this has required a homo- 
geneous target one-two lun in length, but  only a few tens of meters in width. For AirMISR the nadir 
the swath width is near 10 km with  IFOV  about 7-8 m in the nadir  and 7-8 m by 18 m along track 
for Df and Da views. For MISR  the swath width  is  near 350 km with pixels about 215 m along 
track and 275 m across track at nadir, extending to 704 m along track and 275 m across at Df and 
Da position of k70". 

(I) Reflectance based 

The footprint sizes for MISR pixels vary with  view direction from 214 m (along track) by 
275 m (across track) in the An  view, to 704 m (along track) to 275 m (across track) in Da and Df 
views. 

The large footprint size of MISR especially at Da and Df angles presents problems in sam- 
pling the surface BRF, and a parsimonious method of surface sampling must be adopted. At least 
two strategies are possible: (1) sampling of areas many times the pixel size around overflight to 
ensure capture of  at least one MISR pixel at all angles, (2) precise location of each pixel center, 
with its location error, after the overflight, and construction of the imaged area based on these lo- 
cations together with the known ground-projected geometry of the unresampled pixels. 

The construction of average BRF values for the surface areas chosen by either strategy re- 
quire multiple sets of PARABOLA observations, since the  PARABOLA sampling area is ordinari- 
ly only part of a single pixel area. A promising  method of averaging employs the ASD spectrom- 
eter to assess large area uniformity in terms of normal incidence HDRF, and to scale the PARAB- 
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OLA determinations based  on local HDRF values assuming that BRF characteristics are 
independent of the HDRF. Measure reflectance of a few MISR pixels covering nadir and all off 
-nadir views after these pixels and their positions have been identified in the Level 1B1 image 
processing. Because of the large size of full ground pixels, several days  with correct sun angle may 
be required to measure the required target area.  However, carry out atmospheric measurements 
concurrent with  MISR overpass to establish ambient sky turbidity and aerosol model at time of 
overflight. 

(2) Radiance-based 

The radiance-based plan employs AirMISR as a well-calibrated radiometer acquiring a com- 
plete multiangle data set with its one camera plus calibration data along a ground track coincident 
with the MISR overpass and  timed to arrive at the target area simultaneously with the calculated 
overpass time. The burden of calculating multiangle radiances from ground-based observations is 
placed on direct measurement by one AirMISR camera over all required angles of view. 

To aid in the rapid acquisition of spectral reflectance measurements for this purpose we use 
a field spectrometer (ASD)  that acquires a complete spectrum between 390-2500 nm at 10 nm sam- 
pling interval in a few seconds. Many such spectra at  measurement stations along the target are 
used to establish point by point the reflectance values  and variations. The rapid acquisition allows 
a complete survey with minimal variation of sun angle. 

The radiance based approach with  AirMISR  will be implemented with that instrument 
aboard the ER-2 platform, which operates at an altitude of about 20 km above terrain. At this alti- 
tude about 50 mb  of atmosphere are above the aircraft, plus  most  of the stratospheric ozone. We 
will proceed to evaluate the atmospheric contribution  by assuming it  to be comprised of molecular 
scattering with magnitude governed by pressure measured  on  board the aircraft inflight, and will 
rely on our ground-based determination to estimate the ozone absorption. 

Vicarious calibration of MISR is also discussed in [M-12]. 
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9.4 EOS  INSTRUMENT TOA  RADIANCE  INTERCOMPARISON 

9.4.1  Purpose 

This section summarizes the purpose and  methods  of the plan to intercompare between EOS 
groups atmospheric and surface measurements  and radiative transfer models to calculate TOA ra- 
diances. The MISR-related experiment objectives include: 

Calibration and intercomparison of sunphotometers and other instruments from 
JPL and other participating EOS instrument groups. 

Intercomparison the determined atmospheric parameters (principally optical 
depth and aerosol model, e.g., size distribution and complex refractive), employ- 
ing comparisons between  calculated and MFRSR-measured surface irradiance 
to improve the aerosol and size models  (simplified closure experiment lacking 
direct determinations of aerosol model). 

Intercomparison of surface HDRF determined as functions of solar zenith an- 
gle and relations to PARABOLA 111-derived  BRDF. 

Intercomparison of calculated TOA and near-TOA radiances from various radi- 
ative transfer codes for three solar zenith angle conditions corresponding to sun 
incidence angles for the equinox and  summer  and  winter solstices. 

Provide inflight calibration of AirMISR at all nine  viewing angles for overflights 
at the MISR overpass azimuth (heading  about  190"  true) and overpass time for 
the local latitude (about 10:15 AM LST). 

Provide inflight calibration for AVIRIS  using reflectance-based and other meth- 
ods described in Section 7.3.2. 

Validate inflight calibration of AVIRIS  using reflectance determinations derived 
from AVIRIS measurements for ground  targets  not involved in inflight calibra- 
tion. 

Intercompare calculated  TOA  and  near  TOA radiances obtained by various EOS 
instrument groups involving independent reduction methods for the reflectance 
conditions corresponding to equinox and solstice viewing and illumination ge- 
ometry. 

Compare calculated TOA radiances  with radiances measured by AirMISR (9 an- 
gles) and  AVIRIS  (nadir  view) 

Methods 

Locations of field targets have been established for the intercomparison campaigns. The cur- 
rent site  for  TOA radiance intercomparisons is Lunar Lake, Nevada, elevation 5700 feet (1740 m), 
which is a uniform dry lake bed, roughly oval in  shape,  and  about 3 by 5 km in dimension. with 
long axis trending N E .  Optical determinations of atmospheric properties will be carried out using 
solar radiometric measurements at times coordinated between instrument groups. For calibration 
validation purposes, ground  measurements  will be carried out at two sites, Lunar Lake playa (for 
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calibration) and Railroad Valley playa, elevation 4900 feet [1500 m]. An additional set of atmo- 
spheric and surface reflectance measurements  will  be carried out at targets to be selected in Rail- 
road Valley, which will act as sites for prediction  of aerosol optical depth and BRF from AirMISR 
and HDRF for AVIRIS, and hence comparison with  ground-measured  values 

9.5 ALGORITHM  AND  PRODUCT  VALIDATION  EXPERIMENTS 

9.5.1 Purpose 

The purpose of an algorithm or product  validation experiment is to find out if the aerosol and 
surface parameters generated by  ground-based  and  MISR aircraft simulator or MISR pathways 
agree or disagree within experimental error. A wide  range of environmental conditions and model 
types are sought to explore robustness of  the  algorithms. 

9.5.2 Methods 

Experiments involving the MISR  simulator instrument, ASAS and AirMISR, together with 
a simultaneous field observational campaign  will constitute the core of the MISR algorithm vali- 
dation program. Each validation field experiment focuses on accumulating aircraft simulator data 
over a selected target under  the best experimental conditions available. The ground-based atmo- 
spheric and surface measurements to be employed are listed below. These focus on providing as 
realistic a picture as possible of equivalent aerosol, atmospheric and surface properties that are Val- 
id during experiment time. 

Field atmospheric and optical measurements at field sites are used to: 

Establish meteorological conditions, at the surface using conventional weather 
instruments, and aloft with balloon-borne sonde packages. 

Establish atmospheric diffuse and direct radiation fields at the surface. 

Characterize column equivalent aerosol abundances, size distributions, and  op- 
tical properties. 

Measure the surface bidirectional reflectance function (BRF) of target areas in 
PARABOLA bands plus the spectral HDRF from 400-2500 nm. 

For marine targets, establish surface winds and wave characteristics to fix  or es- 
timate water surface BRF via  Cox-Munk  model. Exclude actual in situ radiation 
measurements. 

For marine targets measure the diffuse sky  and direct solar irradiance compo- 
nents. Determine atmospheric total optical depth and aerosol component plus 
diffuse irradiance at surface. 
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9.5.3 Criteria for site selection 

A matrix of aerosol types and surface reflectance boundary conditions that can be used as a 
guide to experiment types, together with some generic experiment sites, both within and outside of 
the U.S., where the listed aerosol types are highly likely to occur, are given in Table 18. In practice 
the choice of sites must be much more modest in keeping  with  budget constraints and aircraft flight 
and deployment schedules. Examples of actual site choices are described later. 
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Validation site selection is a major step in experiment planning; the process is under constant 
evaluation and review and therefore continues to the present. The following general guidelines 
have been exercised for selection of  MISR algorithm and product validation sites, past, present and 

Identify general locations where given aerosol types might be found against sur- 
face reflectance backgrounds that approximate elements of the MISR aerosol 
climatology-surface reflectance data matrix (Table 18.) 

Co-locate algorithm and  product  validation experiments where possible with 
other major surface and/or atmospheric experiments to take advantage of  re- 
sources and infrastructure present  and make possible the sharing of scientific da- 
ta. Examples of these in the past have included BOREAS and SCAR-C. 

Emphasize logistic convenience for surface and aircraft observations to mini- 
mize field access problems as well  as aircraft deployment, flight hour and other 
field costs. Sites may be occupied on a repeated basis over a period of years. 
Sites in North America and continental United States plus adjacent ocean waters 
have thus been favored whenever possible, except where significant advantages 
are thought possible by joining forces with experiment groups elsewhere. 

Availability of records of seasonal conditions to optimize chances for choices of 
clear sky opportunities for aerosol and surface reflectance studies. 

Sites should be capable of characterization by  simply designed field observa- 
tions. For surface reflectance targets, this suggests flat homogeneous or simple 
heterogeneous terrain and low or no topographic relief. MISR FOV conditions 
suggest minimum homogeneous areal dimensions of 250 m by 250 m and larger 
targets of minimum 1 km by 1 km dimensions. These target specifications are 
also needed for PARABOLA III retrievals. The presence of towers, roads, elec- 
trical power, bucket or gondola hoists, other infrastructure can be very helpful. 

Availability of long time series records of surface and sky conditions, e.g., (a) 
soladsky radiometer network data for optical depth, aerosol optical properties, 
such as AERONET, (b) direct observations of aerosol particle properties, verti- 
cal distributions, and composition such as the ARM CART site, Oklahoma, (c) 
radiation network data for irradiance and  BHR time series such as the SUR- 
FRAD/ ISIS network and the ARM  CART site, (d)  at sea, instrumented moor- 
ings with  wind direction and  speed,  wave heights and spectra, surface relative 
humidity and temperature records, (e) records of cloud cover, and cloud top and 
bottom height measurements from surface networks, such as at the ARM site. 

For marine targets it is useful to pick sites at offshore moorings, such as the 
NOAA National Data Buoy Center (NDCB)  buoys,  where  wind speed and direc- 
tion and  wave data sets are continuously recorded. This helps to assure that 
ocean surface roughness conditions locally can be constrained and  used for esti- 
mation of ocean glitter pattern, white cap and foam estimation. 
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9.5.3.1 Desired observing conditions 

All of the MISR aerosol and surface product algorithms have been developed from radiative 
transfer theory assuming laterally homogeneous  and cloud-free atmospheric conditions. Aerosol 
populations are assumed to fall off exponentially with  height, scale height 2 km. Atmospheric pres- 
sure giving rise to Rayleigh scattering is exponentially height dependent with scale height 8 km. 
The surface reflectance is allowed to be a detailed function of position. So-called adjacency effects 
due to aerosol scattering are ignored. The surface is assumed flat, without  microrelief arising from 
vegetation canopies, dunes, etc. To simplify  problems of interpretation, uniform cloud-free atmo- 
spheric observing conditions on essentially flat ground are sought for aerosol and surface valida- 
tion experiments, although the cloud free restriction is not  necessary for recovery of BRDF provid- 
ed that the direction to the Sun remain  unobscured  by cloud during the observation periods. 

To achieve target and atmosphere viewing conditions comparable to those of MISR in- 
flight, AirMISR overflight times will  be  made to coincide with anticipated overflight times of 
MISR on the EOS platform, and to coincide in  azimuth  with the anticipated ground track (direc- 
tion) of MISR overpass. For example at 34" N latitude, the  overpass time would be approximately 
10:20 AM at an azimuth of  188", a zero  heading  being geographic north. Two additional aircraft 
flight lines, one in the solar principal plane and another bisecting the first two lines, will also be 
sought routinely to secure additional constraints on azimuthal dependence of the aerosol light scat- 
tering, and reflection by the surface cover. The solar principal plane coverage assures capture of 
portions of the so-called hotspot or enhanced retroreflection due to self-shadowing in the surface. 

In addition to the idealized target geometry  specified earlier, analysis of MISR and field data 
for hilly surfaces and partial cloudy skies will also be carried out to assess the effects on surface 
retrievals of departures from the idealistic conditions where the MISR algorithms apply. These 
conditions can be expected to occur during some field exercises in some areas, but these studies 
are a low priority compared to clear sky opportunities. 

9.5.3.2 Field measurements 

AirMISR overflights are closely coordinated  with the following ground-based observations: 

(1) Location of surface targets  using (differential) GPS, aerial photo and map tech- 
niques. 

(2) Surface BRF of target areas using  PARABOLA 111. Spectral HDRF determi- 
nation of target areas  using  ASD field spectrometer. The BRF and HDRF deter- 
minations may, if necessary, be carried out  on successive days not coincident 
with overpass at similar Sun incidence directions. This may be required for large 
target characterization. 
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(3) Multispectral sky radiance, and direct solar irradiance observations with the PA- 
RABOLA, CIMEL (eventually complete analysis of sky radiance polarization at 
870 nm) and Reagan radiometers, diffuse and direct irradiance measurements 
with the MFRSR. These observations are combined to secure estimates of  atmo- 
spheric optical depth, determination of aerosol scattering and absorption proper- 
ties including size distribution, scattering phase function, and refractive index 
according to methods of Section 3. Additional (instantaneous) determinations of 
atmospheric path water  vapor  and ozone are provided. These measurements will 
be supplemented with moderate spectral resolution (e.g. 2 nm sampling, 10 nm 
resolution, 390-2500 nm) determinations of optical depth obtained using GER 
field spectrometer. The GER  data  yield  the spectral extinction variation over the 
extended spectral range, further details of the size distribution and extended lim- 
its of the size retrieval range. 

(4) Vertical soundings of  temperature  and relative humidity using a balloon borne 
(Airsonde) instrument package. 

(5) Surface pressure and  temperature, relative humidity (RH), wind  speed and wind 
direction are continuously monitored  using  a Davis Meteorological Instrument 
package at the surface. 

(6) Two conventional fish-eye lens camera systems will  be deployed along a  mea- 
sured baseline to record  cloud cover, cloud  motion  and cloud base and top 
heights. 

9.5.3.3 Additional airborne and surface measurements 

Direct measurements of aerosol microphysical and optical properties by aircraft-borne sen- 
sors or ground-based instrumentation will be carried out  as opportunities permit. The following ad- 
ditional airborne/surface observations are desirable. 

Vertical optical depth profiles such as those obtained  by the ARC Airborne 
Tracking Sunphotometer (ATS) to measure stratospheric and  upper tropospheric 
extinction above the aircraft platform elevation, plus profiles of aerosol optical 
depth from surface through the scattering layers. These data together with 
ground-based sunphotometry will be combined to isolate total atmospheric at- 
tenuation to that arising below the observing platform, e.g., to isolate the pre- 
dominantly tropospheric contribution. The structure of the aerosol scattering 
layer will be correlated with  RH and absolute humidity profiles obtained from 
balloon sounder data. 

Direct measurements of aerosol abundances  and microphysical properties as 
functions of elevation above the target site utilizing an aircraft sampling and 
analysis platform, such as that of University of Washington C-131A. Measure- 
ment of actual aerosol property profiles through the scattering layer would then 
be possible. 

Additional sources of information on aerosol microphysical properties at ground 
level are sampling and optical measurements such as those now on line at the 
ARM CART, and  IMPROVE  network  sites or urban air quality monitoring sta- 
tions. 

129 



(4) For selected sites such the ARM CART, JPL, and selected field sites, correlation 
of column equivalent aerosol properties with  aerosol backscattering profiles 
from lidar observations together  with compositional estimates (ARM CART) 
will be possible on a more or less routine basis. The lidar systems of Langley Re- 
search Center (R.A. Ferrare, NASA  NRA-97-MTPE-03) will also be employed. 

9.5.3.4 Land surface product validation; local networks and tower measurements 

A series of site-specific product validation  campaigns independent of the inflight calibration 
program will be carried out. For large area average optical depth determinations as required for val- 
idation of the reported MISR Level 2 aerosol parameters (17.6 km global) we will deploy small 
(few km spacing say) networks of solar radiometers to assess average optical depth properties and 
variations with time over the sampled  areas. The scaling issues have been described in Section 4. 
The assessment of BRF over large areas with  time (seasonally, say) is much more difficult. Deter- 
mination of surface BRF variations at km size surface areas will require intervention of AirMISR 
aircraft measurements. To afford traceability to direct measurements at the surface, such over- 
flights will be coordinated with  ground  measurement  campaigns in homogeneous or quasi-homo- 
geneous areas situated directly along  MISR  ground tracks, wherein local measurement field instru- 
ments such as PARABOLA I11 are moved from site to site and the large scale properties (1-2 km) 
determined by averaging. Such averaging campaigns will  probably be possible without elaborate 
infrastructure only in areas where stature and inhomogeniety of the surface cover is not too great, 
e.g., desert scrub vegetation on gentle alluvial slopes, grassy prairies (e.g., FIFE, Niobrara, Nebras- 
ka, or Tallgrass, OK sites) etc. Representative sampling of larger stature forest covers, such as 
those at BOREAS, was possible because of the existence of tower structures and tramways erected 
by investigators within the project for that specific intent. Such structures will continue to be re- 
quired if the time series of BRF for that type of domain is to be maintained. One additional site has 
been mentioned, Canopy Crane in Wind  River National Forest, WA. Since the BOREAS tower 
sites represent DDV cover types in the  MISR surface retrieval methodology, we suggest specifi- 
cally utilizing the BOREAS sites, reoccupying them periodically during accessible seasons to as- 
sess DDV BRF and possible changes seasonally or more closely spaced in time. 

In addition to sites used for the FIFE and BOREAS experiments, the selection of additional 
homogeneous large-area surface targets with  minimal topographic relief should be taken from ex- 
isting land surface classifications where these have been  validated  by detailed vegetation and soil 
surveys. Such selections are under study. Other areas where considerable site characterization has 
been implemented are the Long Term Ecological Research  (LTER) sites. One such candidate in 
central Oregon is H.J.  Andrews Experimental Forest. The usefulness  of these sites for  BRF deter- 
minations and intercomparisons depends upon  detailed site surveys. The field validation activities 
at specific sites in cooperation with the MODIS  BRDF/Albedo and Land Surface Cover Change 
groups are also being  planned. The proposed target areas listed in these documents need to be spe- 
cifically defined and evaluated for relevance to MISR  validation  goals. This includes foreign cam- 
paigns such as SAFARI 2000. 
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9.5.3.5 Logistics of experiments in marine areas 

Offshore marine aerosol and ocean surface validation efforts are important because 70% of 
Earth’s surface is ocean that generates marine aerosol and because MISR retrievals over water are 
the simplest types carried out. Land-derived mineral dust components over ocean waters are also 
widespread. Methods of obtaining observations at sea extending perhaps over periods of months 
or more have been studied. These will require installations on offshore platforms (Southern Cali- 
fornia Bight) or island locations (San Nicholas, Island, for example) dominated by marine aerosols. 
Solar radiometers such as the CIMEL instruments, capable of operating largely unattended for ex- 
tended periods would be required. The Southern California coast, has oil production platforms and 
small isolated islands exist in  proximity to NOAA buoys that record wind speed, wind direction, 
an wave statistics on a routine high  frequency  basis. Offshore platforms have been successfully 
used for long term verification of TOPEXPoseidon ocean topographic data [IO]. Use of these plat- 
foms is difficult because of problems of access. San Nicholas  Island is a site where regular Raw- 
insonde balloon launches are made,  and  where a CIMEL instrument part of AERONET is located. 
Aerosol sampling is carried out  by  NRaD (ONR) and the local Los Angeles Air Quality Manage- 
ment District. In addition buoy  measurements are available for ocean surface state about 8 km to 
the east during summer months. The island lies within the Pacific Missile Test Range and is there- 
fore difficult to use for validation studies with aircraft, but San Nicholas is suitable for post-launch 
product validations not involving aircraft. 

9.5.3.6 Connections with  AERONET 

MISR validation of aerosol optical properties and abundances on a local scale for continental 
stations will be linked directly to aerosol determinations by the CIMEL sunphotometers that make 
up the GSFC network. MISR aerosol observations can also be checked against future data from 
anticipated local observations and  networks forming the International Global Aerosol Program 
(IGAP), but detailed intercomparisons will  depend  upon our ability to intercalibrate instruments. 

9.5.3.7 Connections with  networks  of  MFRSR instruments 

Another network of shadowband radiometers  (MFRSR) of considerable use to MISR is 
available. It is reported that the USDA has deployed 20 such instruments and the DOE through 
ARM experiment approximately 100, in stations around the country. Radiometric calibrations are 
in process of being updated. In addition to providing frequent automatic measurements of atmo- 
spheric optical depth at six wavelengths  (400-940  nm), these instruments measure diffuse down- 
welling sky radiance concurrently and  in  some  instances are believed to determine water vapor col- 
umn abundance as well. The spectral downward diffuse light at  the surface is needed in the MISR 
retrieval strategy for recovery of surface reflectance properties and is calculated from the aerosol 
model specified by comparisons with the SMART data set. Thus, the  MFRSR network observa- 
tions can provide an important additional constraint on  MISR radiometric/algorithm performance 
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and will be so employed. One such instrument has been operating for several years at the ARM 
site, Oklahoma. Additional major ARM facilities for long term measurement campaigns are 
planned for the Tropical Western Pacific Ocean, North Slope of Alaska, Eastern North Pacific (or 
Atlantic) Ocean and the Gulf  Stream. 

9.6  GROUND  CAMPAIGNS  COORDINATED  WITH  DIRECT  AEROSOL  SAMPLING 
BY GROUND  STATIONS  AND  AIRCRAFT 

9.6.1  Purpose 

Coordinated campaigns of remote determination of aerosol properties using optical methods 
and direct measurements of aerosol microphysical properties are a means of establishing actual 
physical significance of remotely determined aerosol properties. 

9.6.2 Methods 

Optical measurements using sunphotometers, sky radiometers and diffuse-direct irradiance 
radiometers will be carried out at sites collocated  with aerosol measuring facilities and/or  with di- 
rect aircraft observations. Column equivalent aerosol microphysical properties and compositional 
information, inferred by inversion of the optical measurements, will be compared with such prop- 
erties deduced from direct sampling throughout the aerosol column (by aircraft) and approximately 
by comparisons with in situ ground level sampling stations. 

9.7  EXPERIMENT  PROTOCOLS 

9.7.1  Summary of Experiment  Types  and  Intercomparisons 

In previous chapters two  types of experiments have been defined corresponding to the pre- 
launch algorithm validation phase of the  mission and to the post-launch algorithm + product vali- 
dation phase. The gre-launch phase relies on individual field campaigns coordinated with MISR 
simulator overflights timed to duplicate MISR on-orbit observing conditions. Ground-derived and 
MISR derived geophysical parameters and surface radiance and irradiance are compared and un- 
certainties by each path assessed on an individual experiment basis. Post-launch activities rely 
heavily on intercomparisons of MISR retrievals at specific sites with retrievals from the network 
stations. The object is to build time series of MISR retrievals for comparison with the independent 
ground data. During both prelaunch and post launch times individual MISR ground campaigns will 
be mounted to intercompare network  derived geophysical parameters, radiances and irradiances 
with those of MISR. A second  activity is vicarious calibration of AirMISR (prelaunch and  post 
launch) and MISR (post-launch) using  ground targets. Also AirMISR,  if well calibrated, provides 
a radiance based calibration of MISR. This section provides protocols and data flows for field ex- 
periments for (1) vicarious calibration, (3) surface radiation, and (3) aerosol/surface retrievals, and 
indicates the MISR data flow required to complement the field operation data output. A complete 
ground-based experiment is one where surface and atmospheric measurements coupled with 
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AirMISR radiance measurements, secure a combined aerosol and surface model that brings radia- 
tive closure with the field and aircraft measurements; the aerosol/surface model used in a radiative 
transfer code 

The following deletes any reference to use  of  albedometry, although these measurements are 
made routinely to monitor surface albedo and related broad-band surface irradiance conditions. 

9.7.2 Experiment Plan for Vicarious  Calibration,  Radiancenrradiance,  and  Aerosol/ 
Surface  Retrievals 

9.7.2.1 Vicarious Calibration ground-based experiment pathway 
Goal of Experiment: Provide ground-based TOA radiances at all nine MISR 
view directions and for all MISR spectral bands for comparison with values mea- 
sured by  MISR for target area using laboratory and on-board calibration coeffi- 
cients. 

Experiment  timing: Vicarious calibration attempt at first post-launch opportuni- 
ty after degassing, instrument checkout and  onboard calibration attempts (about 
one month). For a particular experiment, time the principal field atmospheric and 
surface measurement campaigns to correspond to the expected time  of MISR 
overpass (see below) 

Site  Selection: Utilize large uniform dry lake beds at high altitude in dry desert 
areas to optimize chances for clear cloud-free conditions, and homogeneous tar- 
get reflectance. Present  primary target: Lunar Lake, Nevada; present backup tar- 
gets Ivanpah Playa, CA or Rogers  Dry Lake, CA. 

Compilation of Solar  and  Platform  Ephemeris  and MISR Pixel  Location Data: 

(a) Field - For selected  geographic  targets  and times of year, provide solar and 
EOS platform ephemerides, namely Sun azimuth and zenith angle at site 
for platform overpass, sunrise and sunset, 

(b) Platform/MISR - expected timing and path orientation (together with orbit 
number  and other image and pixel identifying data) plus expected pixel lo- 
cations (with uncertainties due to camera model and platform jitter) for all 
nine angles and all wavelengths  throughout selected calibration target ar- 
ea. 

Check of Instrument  Calibrations  and  Field  Reflectance  Standards - Routine 
field calibration experiment at Table Mountain Observatory. Determine spec- 
tral response functions at  JPL calibration facility, check field reflectance stan- 
dards at JPL Spectralon BRF calibration facility 

Post-overpass  actual  target  location (ifneeded)- Locate actual MISR pixels to- 
gether with uncertainty ellipses after the actual overflight from Level 1B2 imag- 
ery (unresampled) for each wavelength, each angle, utilizing locations reported 
by MISR GEOCAL  team.  Use GPS instrumentation and reference to actual 
landmarks visible in images to cross-check  and  verify these locations (should be 
possible with differential GPS to - 1 m) 
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Coordination with AirMISR: AirMISR to be scheduled for overflight during 
field experiment at multiple azimuths: AirMISR to have three to five overpasses 
in MISR azimuth, with  middle overpass timed for coincidence with MISR ob- 
servation schedule of target area. Alternate coordination plan for AirMISR (1) 
along MISR track, (2) in principal plane of the Sun, (3) line bisecting paths (1) 
and (2). Overpass time to be that of  MISR for the local site latitude. 

Observational conditions: Clear sky, cloud-free conditions meeting cloud 
screening conditions of MISR,  minimum  aerosol  and water vapor burdens dry 
stable target surface 

Field  Instruments 

(a) Atmosphere and sky: Reagan,  CIMEL,  MFRSR,  PARABOLA 111, All-sky 
cameras. 

(b) Meteorology (wind  speed, direction, RH, pressure and temperature, sur- 
face and aloft): Davis Instrument, Airsonde  (one-half  hour before over- 
pass, pressure, temperature, RH aloft  through  ABL), AirResearch barom- 
eter 

(c) Surface BRF:  PARABOLA IH and ASD for spectral coverage and rapid 
large area sampling. 

Measurement Protocol: Instrument clocks synchronized at UT to nearest sec- 
ond. Geographic north determined by compass or by  shadow orientation mea- 
surements at solar meridian transit. 

(a) Atmosphere and Sky - Direct solar and sky radiation, irradiance and radi- 
ant exitance measurements from sunrise to (minimum) one hour past solar 
noon, each day. All sky camera operation at 10 min intervals throughout 
measurement  period from two stations spaced 1 km apart centered cross 
track. 

(b) Meteorology and  Airsonde - Continuous operation of Davis instrument 
station throughout field measurement periods. Airsonde launches timed 
for one-half hour before expected overpass to assure passage through 
boundary layer. 

(c) Surface irradiance and radiant exitance with  PARABOLA  e.g., BRF and 
HDRF (with ASD) - Objective is to determine BRF over at least one 
MISR pixel for all view angles. Radiant exitance to  be sampled at one 
identifiable (nadir) pixel location at time of overpass 

Suq5ace sampling  strategy: Ground  sampling for MISR pixels involves large ar- 
eas that increase in size (per  pixel) to more  than 0.7 km along track and 0.275 m 
across track at the most oblique viewing directions. The nominal sampling size 
for PARABOLA is -20 m  and  probably  -100  m circular diameter in the limit. 
Full recovery of BRF with  PARABOLA requires observations over complete 
range of Sun incidence angles. Thus adequate sampling of target areas will take 
a number of days, to be determined based  on determined surface sampling con- 
ditions. 
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(a) Optimal situation - MISR pixels found to be accurately located, except for 
expected color displacements in  raw radiance images, at all view angles. 
Strategy is  to sample largest pixel target area systematically over required 
number of days, assuming that surface properties remain invariant from 
day to day (excludes raidsnow damage, initial or developed wet or damp 
surfaces, any conditions that are obvious by quick surface inspection). Use 
initial PARABOLA location on nadir pixel as base station for reflectance 
measurement, re-occupy station periodically to check on repeatability of 
BRF or HDRF retrievals. Use ASD  as adjunct instrument to assess repeat- 
ability of measurements from day to day, and also spatial variability over 
target areas and to provide spectral continuity over the MISR range of 
measurement 

(b) Non-optimal conditions - MISR pixels found to be scattered or displaced 
along track because of platform jitter or other factors related to MISR cam- 
era model, leading to reduced  area  common to all view directions. This cir- 
cumstance requires location of individual pixels and sampling one by one 
over successive days. 

(12) Data  reduction andflow: The TOA radiance calculation requires determination 
of (i) Rayleigh scattering, ozone, and aerosol optical depths from the total opti- 
cal depth measurements by the solar radiometers, (ii) specification of an aerosol 
scattering model from the combined  CIMEL,  REAGAN,  MFRSR and PARAB- 
OLA observations, and either: (a) determination of the complete average surface 
BRF from combination of  numbers  of observations over large target areas taken 
throughout adjacent days of the campaign, or (b) use of reflected surface radi- 
ance measured  by  PARABOLA  at  the  time  of platform overflight from a single 
subarea in the MISR sampling pattern. For strategy (b), use  of radiance measure- 
ments from a single small area is an approximation whose seriousness will be 
evaluated for the extant conditions. 

(a) Total Instantaneous Optical Depth - The total instantaneous optical depth 
is retrieved from the Reagan data sampled at 30 second intervals using lo- 
cally derived instrument calibration coefficients. The values are averaged 
(short term) over the - seven  minute  MISR sampling period and the vari- 
ation about the mean  used as a measure optical depth variability. The (long 
term) average obtained from total temporal record is used  as a first ap- 
proximation to regional variability. 

(b) Aerosol optical depth retrieval - The aerosol instantaneous optical depth is 
derived from the residual optical depth  obtained from Reagan total optical 
depths by subtracting the  Rayleigh component based on instantaneous 
pressure variation. The aerosol and  ozone optical depths are retrieved to- 
gether using constrained second-derivative (Flittner) method. Short term 
averages constructed from overpass period  with scatter about mean as in- 
dicator of variability. Long term records to estimate a regional variability. 
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Aerosol model retrieval - The CIMEL,  MFRSR,  PARABOLA, and Re- 
agan observations are combined to produce  an aerosol model (size distri- 
bution and composition on  homogeneous spherical particles) that is radia- 
tively consistent with  calculated  and  measured  downwelling sky radiance 
(and irradiance) distributions, and  upwelling multiangle radiance mea- 
sures as provided  by  AirMISR. 

Surface BRF retrieval from PARABOLA- The multitemporal PARABO- 
LA observations are combined to provide the local surface BRF using it- 
erative solution to direct + diffuse integral equation representation of re- 
flectance boundary condition. Multiple measures representing differing 
surface areas of  multiangle target pixels are averaged (up to seven in nom- 
inal case) to obtain representations of BRF for each view angle. 

Surface HDRF retrieval from ASD - Areal variability of surface HDRF at 
normal incidence is calculated from rapid sampling ASD observations tak- 
en over subpixel sampling grid. Frequent Spectralon observations used to 
correct for instrument instabilities. Laboratory  measured Spectralon BFW 
together with downwelling radiancemeaures with  PARABOLA used to 
correct local HDRF to Lambertian perfect reflector basis. 

Data  Importfrom MISR: Calibrated but  unresampled radiance data for vicari- 
ous calibration site. Isolate along-  and  across- track pixels corresponding to cal- 
ibration target from unresampled radiance data using MISR-provided geograph- 
ic coordinates for each pixel together  with fit of image data to recognizable geo- 
graphic features of known location. 

Safety checks: Prior to each field day, battery voltages of buffer storage batteries 
and computer batteries are checked  and  maintained at or near full charge. Field 
data checked at end of each day to assure actual records exits. For cases where 
data are found missing or unreadable,  and  where repeat observations are possi- 
ble, e.g., surface reflectance, observations, these are repeated at next available 
opportunity to replace those data  missing. 

Archiving ofField  Data: All  raw observations of sky, solar, surface radiance 
quantities, meteorological data,  downloaded to laptop computers together with 
location, time, weather data, other descriptions of activities pertinent to field 
record. At JPL field data and descriptions are transferred to Unix system for ar- 
chival and data reduction. Key parameters of the archival system are experiment 
site, instrument designation, date (yymmdd) and time (hhmmss). All descrip- 
tive data are entered as header files to a particular experiment campaign. 

9.7.2.2 MISR calculated irradiance and radiance validation experiments 

The following assumes that field observations of surface irradiance or downwelling radiance 
are available at one instrumented ground site only, e.g., no network of surface instruments such as 
MFRSR available. The experiments take place mainly in the post-lanch time frame 
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Goal of Experiments: Provide comparisons of surface irradiance and radiance 
values calculated as part of MISR aerosol/surface retrievals with values mea- 
sured by surface stations (MFRSR,  CIMEL,  and  PARABOLA). 

Experiment timing: Measurements coordinated around time of  MISR overpass 

Site  selection: Two types of sites are utilized: (a) Fixed station at JPL for long 
time series development, (b)  side-by-side intercomparison of  ISIS  and JPL in- 
struments at ISIS sites (one or two). 

Compilation of Solar  and  Platform  Ephemeris  and MISR Pixel Location Data: 

(a) Field - For the geographic targets (JPL or ISIS stations) and times of year, 
provide solar and EOS  platform ephemerides, e.g., Sun azimuth and zenith 
angle at site for platform overpass, sunrise and sunset times, 

(b) Platform/MISR - expected timing and path orientation (together with orbit 
number and other image and pixel identifying data) plus expected pixel lo- 
cations (with  uncertainties due to camera model and platform jitter) for all 
nine angles and all wavelengths  throughout selected surface station target 
area. 

Check oflnstrument Calibrations: Routine field calibration experiment at Table 
Mountain Observatory for MFRSR,  PARABOLA,  CIMEL, Reagan instru- 
ments, and at manufacturer  (YES for MFRSR). Redetermine cosine response 
functions as needed. 

Post-overpass actual  target  location: Locate actual MISR pixels together with 
uncertainty ellipses after the actual overflight from unresampled  imagery for 
each wavelength, each angle, utilizing locations reported by  MISR GEOCAL 
team. Use GPS instrumentation and reference to actual landmarks visible in im- 
ages to cross-check and verify these locations. 

Coordination  with AirMISR: Not sought for long time series comparisons. 

Observational conditions: Clear sky, largely cloud-free conditions meeting 
cloud screening criteria of MISR, ambient aerosol and water vapor burdens, 
ambient surface reflectance condition at time of overflight. 

Field  Instruments: 

(a) Atmosphere and sky- MFRSR,  PARABOLA, Reagan, CIMEL, all-sky 
cameras 

(b) Meteorology - Davis Weather Station, AirResearch Barometer 

(c) Surface BRF - MFRSR  and  PARABOLA 
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Measurement protocol: 

(a) Atmosphere and sky radiation - Begin  sky radiance (PARABOLA) and 
surface irradiance (MFRSR) observations, Reagan and CIMEL solar radi- 
ometer observations at sunrise, continue until (minimum) one hour after 
solar noon. 

(b) Meteorology - Continuous observations with Davis Weather Station 
throughout measurement period. 

(c) Surface BRF - Depending on siting of network instrument, derive surface 
BRF for immediate area from PARABOLA observations taken throughout 
the measurement period. 

Surjiace  Sampling Strategy: Set up all sky and surface radiation instruments at 
fixed location in close proximity to each other and to network station. 

Field  Data  reduction andflow: The BOA irradiance determination requires cal- 
ibrated MFRSR observations; the BOA  sky radiance determination requires in- 
cident sky radiance over hemisphere  measured  by  PARABOLA particularly at 
the time of platform overflight within the single subarea in the MISR sampling 
pattern corresponding to location of the surface station. 

Data Zmport from MZSR: Calibrated but unresampled radiance data for irradi- 
ancehadiance calibration site. MISR aerosol model parameters or calculated 
surface irradiance and  downwelling  radiance  values at comparison site. Isolate 
along and across track pixels  corresponding to irradiance intercomparison target 
from unresampled radiance data using  MISR  provided geographic coordinates 
for each pixel and according to recognizable geographic features in imagery. 
Use local (pixel-by-pixel) retrievals of  MISR irradiance model over 1.1 km x 1.1 
km area to establish scatter of calculated values. Use local retrieved aerosol 
model together with validation RTC to supply downwelling radiances at site for 
comparison with  PARABOLA-measured  values. 

Safety checks: See Section 9.7.2.1, subitem 14. 

Archiving ofFieZd data: See Section 9.7.2.1, subitem 15. 

9.7.2.3 Aerosol optical depth  validation  experiments 

The following assumes that field observations for aerosol optical depth retrieval are available 
at one fully instrumented ground site only, e.g., no large scale network of surface instruments such 
as Reagan, PARABOLA, CIMEL or MFRSR are available. These experiments take place mainly 
in the post-launch time frame. 

(1) Goal of Experiments: Provide comparisons of aerosol optical depths calculated 
from MISR multiangle radiance data according to MISR algorithms with values 
measured by surface stations by CIMEL and Reagan radiometers. 

(2) Experiment timing: Measurements coordinated around  time  of  MISR overpass- 
es. 
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Site selection  and Inspection: Two types of sites are utilized: (a) Fixed station 
at JPL for long time series of comparisons,  (b) side-by-side intercomparisons of 
AERONET and JPL instruments at AERONET stations (one or two). AERO- 
NET Stations TBD. To extent possible inspect chosen sites to meet uniform cov- 
er, low topographic relief criteria. 

Compilation of Solar  and  Platform  Ephemeris  and MZSR Pixel Location Data: 

(a) Field - For the geographic targets (JPL or AERONET stations) and times 
of year, provide solar and EOS platform ephemerides, e.g., Sun azimuth 
and zenith angle at site for platform overpass, sunrise and sunset times. 

(b) Platform/MISR - expected timing and path orientation (together with orbit 
number  and other image and pixel identifying data) plus expected pixel 10- 
cations with uncertainties due to camera model and platform jitter  for all 
nine angles and all wavelengths throughout selected surface station target 
area. 

Check of Instrument  Calibrations: Routine field calibration experiment at Table 
Mountain Observatory for MFRSR,  PARABOLA, CIMEL, Reagan instru- 
ments, and at manufacturer (YES for MFRSR). Redetermine cosine response 
functions of  MFRSR as needed. 

Post-overpass actual  target  location: Locate actual MISR pixels together with 
uncertainty ellipses after the actual overflight from unresampled imagery for 
each wavelength, each angle, utilizing locations reported by MISR GEOCAL 
team. Use GPS instrumentation and reference to actual landmarks visible in im- 
ages to cross-check and  verify these locations. 

Coordination with AirMZSR: Selected opportunities coordinated with MISR 
overpasses. Not sought for long time series comparisons. 

Observational conditions: Clear sky, cloud-free conditions, ambient aerosol 
and water vapor burdens, ambient surface reflectance condition at times of 
MISR overpasses. 

Field Instruments: 

(a) Atmosphere and sky- MFRSR,  PARABOLA, Reagan, CIMEL, all-sky 
cameras 

(b) Meteorology - Davis Weather Station, AirResearch barometer, AirSonde 
radiosonde system. 

(c) Surface Lambertian Equivalent Reflectance (via diffuse/direct) - MFRSR 

Measurement protocol: 

(a) Atmosphere and sky radiation - Begin  sky radiance (PARABOLA) and 
surface irradiance (MFRSR) observations, Reagan  and CIMEL solar radi- 
ometer observations at sunrise, continue until (at a minimum) one hour af- 
ter solar noon. 

(b) Meteorology - Continuous observations with Davis Weather Station 
throughout measurement periods. 
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(c) Surface Equivalent Lambertian Reflectance - Depending on siting of  net- 
work instrument, derive surface Lambertian Equivalent Reflectance from 
MFRSR observations, or BRF for immediate surrounding area from PA- 
RABOLA observations taken  throughout the measurement period. 

(1 1) Surjiace Sampling Strategy: Set up all sky and surface radiation instruments at 
fixed location in close proximity to each other and to network station, either JPL 
or AERONET. 

(12) Field Data reduction andflow: Pathway for analysis of the BOA radiance and 
irradiance observations leading to recovery of an aerosol model, together with 
radiancelirradiance closure, has  been described in Section 9.7.2.1, subitem 12. 

(1 3) Data Import from MZSR: Calibrated unresampled radiance data for aerosol vali- 
dation site. Local MISR  aerosol  model parameters and retrieved aerosol optical 
depths pixel by pixel for the 17.6 km x 17.6 km areas. Isolate along and across 
track pixels corresponding to local aerosol intercomparison target from MISR 
radiance data  using  MISR-provided geographic coordinates for each pixel and 
according to recognizable geographic features in imagery. Use local (pixel-by- 
pixel) retrievals to establish scatter of calculated values. Use local retrieved 
aerosol model together with  validation  RTC to supply downwelling radiances at 
site for comparison with  PARABOLA-measured values, and AirMISR-mea- 
sured upwelling radiance values (latter if available). 

(14) Safety checks: See Section 9.7.2.1, subitem 14. 

(15) Archiving of Field andMZSR data: See Section 9.7.2.1, subitem 15. 

9.7.2.4 BRF validation experiments 

The following describes the general nature of a  MISR BRF validation experiment. Unlike 
aerosol and irradiance, no long-term network  of surface stations is yet available for monitoring of 
possible BRF trends with season or within seasons. Potential long term BRF sites are TBD, al- 
though some promising possibilities are mentioned. It may prove possible to utilize one or more 
AERONET, ISIS or EOS core validation sites[8l]for long-term characterization. For MISR pur- 
poses, PARABOLA retrievals of BRF are taken as an “absolute” standard. It is to be realized that 
no standard target has yet been  defined  against  which  MISR-based or ground-based BRF retrievals 
can be compared as  an “absolute” standard. 

Goal of Experiments: Provide BRF’s  of bare surfaces, grass and vegetation can- 
opies both homogeneous and heterogeneous,  that serve to compare with BRF re- 
trievals from MISR multiangle observations. Surface categories to be chosen in 
accordance with accordance  with major types identified in previous studies [M- 
5j9 [35],  [36],  [37]. Use  AirMISR to scale local BRF observations to larger 
scale, e.g., 1.1 km by 1.1 km. Coordinate MISR field observations with surface 
determinations of biophysical parameters (LAI, fAPAR). 

Experiment timing: Field measurements coordinated around precise timing of 
MISR overpass, seasonally, and intraseasonally where possible. 
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(3) Site  Selection: Local TBD. Criteria include flat homogeneous canopies or bare 
surfaces over MISR retrieval areas (1.1 km x 1.1 km). Towers or cranes present 
to deal with taller canopies such as needle  or  broadleaf forests. Examples include 
BOREAS OJP, OA  and OBS sites, Boardman  poplar-cottonwood tree farms, 
OR, Wind River Canopy Crane (old growth needle forest) WA, grasslands (Nio- 
brara, NE or Tallgrass, OK). 

(4) Compilation of Solar  and  Plagorm  Ephemeris  and  MISR  Pixel  Location Data: 

(a) Field - For the geographic targets and times of year, provide solar and EOS 
platform ephimerides, e.g., Sun azimuth and zenith angle at site for plat- 
form overpass, sunrise and sunset times. 

(b) Platform/MISR - expected timing and path orientation (together with orbit 
number and other image and pixel identifying data) plus expected pixel lo- 
cations with  uncertainties due to camera model and platform jitter  for all 
nine angles and all wavelengths throughout selected surface target area. 

(5 )  Check of Instrument  Calibrations: Routine field calibration experiment at Table 
Mountain Observatory for MFRSR,  PARABOLA, CIMEL, Reagan instru- 
ments, and at manufacturer (YES for MFRSR). Redetermine cosine response 
functions of MFRSR  as  needed. 

(6 )  Post-overpass  actual  target  location: Locate actual MISR pixels together with 
uncertainty ellipses after the actual overflight from unresampled imagery for 
each wavelength, each angle,  utilizing locations reported by  MISR GEOCAL 
team. Use GPS instrumentation and reference to actual landmarks visible in im- 
ages to cross-check and verify  these locations. 

(7) Coordination  with MZSR  and  AirMZSR: Selected opportunities are to be coordi- 
nated  with  MISR overpasses. and especially with selected groundbased cam- 
paigns. AirMISR to be used as scaling tool to bridge gap between PARABOLA 
scale observations (- 100 m maximum diameter), and MISR retrievals (mini- 
mum - 250 m, maximum 1.1 km). 

(8) Observational  conditions: Clear sky, cloud-free conditions, ambient aerosol 
and water vapor burdens, ambient surface reflectance condition at times of 
MISR overpasses. 

(9) Field  Instruments: 

(a) Atmosphere and sky- MFRSR,  PARABOLA, Reagan, CIMEL, all-sky 
cameras 

(b) Meteorology - Davis Weather Station, AirResearch barometer, AirSonde 
radiosonde system 

(c) Surface Lambertian Equivalent Reflectance (via diffuse/direct) - MFRSR 

(d) Surface BRF - PARABOLA in conjunction  with locally available infra- 
structure, tower, cherry picker,  crane, local single pier stand 
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(10) Measurement protocol: 

(a) Atmosphere and sky radiation - Begin sky radiance (PARABOLA) and 
surface irradiance (MFRSR) observations, Reagan  and CIMEL solar radi- 
ometer observations at sunrise, continue until (at a minimum) one hour af- 
ter solar noon. 

(b) Meteorology - Continuous observations with Davis Weather Station 
throughout measurement periods. 

(c) Surface Equivalent Lambertian Reflectance - Depending on siting of  net- 
work instrument, derive surface Lambertian Equivalent Reflectance from 
MFRSR observations, or BRF for immediate surrounding area from PA- 
RABOLA observations taken throughout the measurement period. 

(d) Surface BRF - see (a) above 

(1 1) Surjiace Sampling Strategy: Set up sky and surface radiation instruments adja- 
cent to PARABOLA  measurement sites (few  hundred meters limit). Set up  PA- 
RABOLA at sited dictated by available infrastructure, or at typical site within 
canopy. Repeat PARABOLA observations at chosen site on two successive days 
throughout measurement period to judge reproducibility. Move PARABOLA to 
either: (a) grid- or line traverse- controlled or (b) random locations to assess scat- 
ter of BRF retrievals over sampling area. Sampling areas to be located with ref- 
erence to MISR image coordinates using  methods described in subitem 4 of 
present subsection. Mark surface target edges with tarps, or place them at recog- 
nizable landmarks visible in AirMISR  imagery. 

(12) Field Data reduction andflow: Pathway for analysis of the BOA downwelling 
radiance and irradiance observations leading to recovery  of BRF together with 
fitting of RPV  model to the  array recoveries, follows [49]. First, edit raw PA- 
RABOLA data acquired to delete and interpolate across gaps due to shadows not 
inherent in actual target, those due to reflectance standards, or dropped pixels. 
For location and misregistration anomalies,  apply solar ephemeris to Sun eleva- 
tion and azimuth position on individual frames to correct orientation. Utilize cor- 
rected imagery together with direct beam calibration equations to provide BOA 
direct-beam solar irradiance for use in reductions to BRF. 

(1 3) Data Importfrom MZSR: Calibrated  unresampled radiance data for BRF valida- 
tion site. Local MISR BRF model parameters and retrieved BRF model param- 
eters pixel by pixel for an intended 1.1 x 1.1 MISR recovery area. Isolate along 
and across track pixels corresponding to local BRF intercomparison target from 
MISR radiance data using  MISR-provided geographic coordinates for each pixel 
and according to recognizable geographic features in imagery. Use local (pixel- 
by-pixel) retrievals to establish scatter of  MISR calculated values. Use local re- 
trieved aerosol model together  with validation RTC to supply downwelling ra- 
diances at site for comparison with  PARABOLA-measured values, and 
AirMISR-measured upwelling radiance values (latter if available). Compare di- 
rect measurement of solar irradiance by  PARABOLA  with calculated values us- 
ing imported MISR aerosol model  together  with Reagan (plus other) optical 
depths and adopted exoatmospheric solar irradiance model [86]. 
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(14) Safety  checks: See Section 9.7.2.1, subitem 14 

(15) Archiving of Field  and MISR data: See Section 9.7.2.1, subitem 15 

9.8 LIMITATIONS  OF  FIELD/AIRCRAFT  OBSERVATIONS  AND  ANALYSIS 

The limitations of our field experiment program are as follows: 

Apart from direct measurements  of  aerosol properties by ancillary measurement 
schemes, such as aircraft sampling, no attempt is made to interpret aerosol re- 
fractive indices in terms of mixture models other than those used for construc- 
tion of the SMART Dataset. 

A logical part of aerosol algorithm validation campaigns is the direct measure- 
ment of aerosol microphysical properties by  ground-based or aircraft sampling. 
Direct field sampling of  aerosols  and associated analysis is not a direct part of 
the MISR validation activity. To the extent permitted by budgetary and logistical 
constraints we will seek to join field campaigns possibly organized by other 
agencies where sampling activities are scheduled to occur. Requests to involve 
others (budget constraints permitting) who can provide direct aerosol light scat- 
tering measurements from ground  based instruments, e.g., integrating 
nephelometers will be made. 

Equivalent column aerosol properties are reported. 

Experimental sites will be (initially) chosen on flat ground, hence topographic 
effects are included only for regional estimates of the (Lambertian) surface re- 
flectance. 

No explicit attempt made to “verify”  the  Cox-Munk wave-facet model as part of 
any marine aerosol validation exercise carried out under  MISR auspices. 

Limitations of aircraft scale on areal averages obtainable: (a) for ASAS, the 
maximum areal field of  view available is about 1 km x 1 km for determination 
of either aerosol, surface or TONCloud products, (b) for AirMISR the available 
FOV depends upon look angle. For nadir  views the field is about 9 km x 10 km, 
and increases to (approximately) 25 km x 32 km at 70”. The common FOV for 
all look angles is thus limited to about 9 km X 10 km. 
Limitations of field observations themselves: 

(a) Aerosol optical depth - sunphotometer observations are essentially point 
measurements of attenuation (optical thickness) through a slant path in the 
atmosphere. To calculate an optical depth it is assumed that the atmo- 
sphere is homogeneous. Some idea of horizontal atmospheric variability 
may be achieved by  using  the  time-dependent fluctuations of optical thick- 
ness. Alternatively, and in addition, we  will  employ local networks of 3 or 
4 sunphotometers to assess areal variability of the atmosphere, 
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(b) Surface HDR  and  BHR - (i) local direct determination of HDRF requires 
use of PARABOLA  and determinations of hemispherical directional prop- 
erties over the complete range of sun zenith angles from 90" to 0". This 
range of sun angles can  only be achieved (seasonally below latitudes of 
23" (northern hemisphere). All other measurement sets will be incomplete, 
with requirement that missing measurements be included by interpolation 
or model. (ii) The local measurement area is estimated to be on the order 
of 250 - 1000 m, but  ultimately depends upon flatness of the terrain at a 
field site, horizon conditions, height of instrument above the ground, and 
the instantaneous instrument field of view(e.g., mixed pixels of sky and 
ground will be different for an instrument FOV  of 5" as opposed to 2", and 
disregarding mixed target contributions resulting from vignetting). 

(8) Inherent differences between  ground-based  and  MISR observations 

Note is made of limitations in retrievals based  on differences in airmass (or atmospheric vol- 
ume) sampled near the same times by  ground instruments and by  MISR. The differences pointed 
out here disappear for homogeneous stable skies and  homogeneous ground targets. 

MISR passes overhead  in about 7.3 minutes in its orbit sweeping out with 
multi-angle views  an  airmass  volume  of  curved trapezoidal cross-section 
symmetrically disposed about a point surface target as base. During this 
time the sun has  moved  approximately 1 .8". 

Solar radiometers sample a direct nearly instantaneous optical path 
through the mid-morning (eastern) sky to the sun over the -7 minute MISR 
overpass interval. 

The CIMEL almucantar and principal plane observations sample both the 
eastern sky for morning observation (direct beam)  and western skies (sky 
radiance). 

The PARABOLA 111 instrument samples radiance from the entire upward 
hemisphere for each incident sun angle. 

Adjacency effects in aircraft and  MISR data are not generally important. 

9.9 OTHER  NASA-SPONSORED  EOS  VALIDATION  EFFORTS 

The Workshop for Atmospheric Validation in EOS-AM1 and SAGE 111 (WAVES) was held 
at Hampton University, Virginia in October, 1997. See http://asd-www.Zarc.nasa.gov/WAVES/ 
home.htmZ#new-valid for a complete list and summaries of the investigations. Some WAVES 
Principal Investigators and their investigations pertinent to MISR is given in Table 18. 
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Table 19: S 

PI 

Dutton, Ellsworth 

Ferrare, Richard 

Liang, Shunlin 

Mace, Gerald 

Meyer, David 

Myers, Daryl 

N o h ,  Anne 

Porter, John 

Privette, Jeffrey 

3me WAVES Investigations  Pertinent  to  MISR  Validation 

Investigation  Title 

EOS/CERES Surface Radiation  Validation at NOAA Climate Monitoring and 
Diagnostics Laboratory Field Sites 

EOS  Validation of Aerosol  and  Water Vapor Profiles by Raman Lidar 

Validating MODISMISR Land Surface Reflectance  and Albedo Products 

Cloud Property  and Surface Radiation  Observations  and Diagnostics in Sup- 
port of EOS, CERES, MODIS,  and  MISR  Validation Efforts 

Validating  MODIS Surface Reflectance, FAPAR and  LA1 Products OVER the 
North  American Grasslands 

Application of Saudi Arabian Surface Radiation  Flux Measurements for Vali- 
dation of Satellite Remote Sensing Systems 

Validation Studies and  Sensitivity Analyses for Retrievals of Snow Albedo 
from EOS AM-1 Instruments 

Aircraft Radiation and  Aerosol Measurements near  Hawaii: Satellite Valida- 
tion at the  Moby  and  Hot Sites 

Southern Africa Validation  of  EOS  (SAVE): Coordinated Augmentation of 
Existing Networks 
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11. VALIDATION  CRITERIA 

11.1 OVERALL  APPROACH 

The goal of the MISR cloud validation plan is to determine and document the accuracy, lim- 
itations and uncertainties of the MISR  cloud  products.  By validation, we  mean comparison of 
MISR-derived results with those obtained from independent sources. That is, we are differentiating 
validation from what  might be termed algorithm development activities and data quality assurance. 
This goal will be achieved through three main  approaches: 

EOS-AM1  Instrument  Assessments - comparison and analysis of common 
cloud products, such as  cloud  masks,  between MODIS, CERES, ASTER and 
MISR; 

Long-term  Assessments - analysis obtained  by  way of comparisons with long 
term measurements at fixed sites. These comparisons will be, at least partially, 
statistical in nature and are expected to test algorithms under a robust set of con- 
ditions; 

Short-term Assessments - analysis via comparisons with independent observa- 
tions obtained as part of specific field campaigns. These comparisons, which are 
essentially case studies, will  be conducted for two reasons. First, they can be 
conducted at locations not  used in longer term assessments and hence broaden 
the range of climatic conditions.  However, their primary purpose is to augment 
the long-term activities by providing periods  with a more complete, and hope- 
fully more redundant, data set, in essence enabling us to gain a better understand- 
ing of the accuracy and limitations of the independent data sources. 

The primary long term ground-based remote sensing sites used in support of MISR valida- 
tion will be the Department of Energy  (DOE)  Atmospheric Radiation Measurement (ARM) pro- 
gram sites. These sites are critical to the validation effort. The DOE  ARM sites continually operate 
a substantial array of equipment including radiometers, sun photometers, lidars, wind profiling ra- 
dars and millimeter cloud radars. As  described further below, other long term data sets such as 
those provided by the Baseline Surface Radiation Network  (BSRN) and the Surface Radiation 
Budget Network (SURFRAD)  may  be  used, but only  the  ARM sites contain the full complement 
of instrumentation which is needed. 

Activities associated with the short-term assessments will involve comparisons of cloud or 
surface properties obtained from MISR  (or a “MISR-like” instrument) with those inferred from 
ground-based, airborne and  possibly other satellite-based sensors. In particular, the Airborne 
MISR simulator (AirMISR) will be used  whenever  possible. Of course, because AirMISR flies 
much closer to the surface than the EOS-AM1 platform, the AirMISR  ground resolution is greater 
than that of the MISR instrument and the swath width is correspondingly smaller. More informa- 
tion on AirMISR can be found in Part I of this Science Data Validation Plan. 
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11.2 SAMPLING  REQUIREMENTS  AND  TRADE-OFFS 

The EOS-AM1 platform will complete its orbital cycle once every 16 days. During this pe- 
riod every part of the Earth is imaged, but  not equally. Regions  near  the poles are observed more 
frequently than those regions near the equator. For  example, Barrow, Alaska (one of the ARM 
sites) will be imaged 6 times every 16 days, while Nauru Island (another ARM site) in the tropical 
western Pacific will be imaged 2 times every  16 days. Given the sporadic nature of cloud coverage, 
several years of data will have to be collected before the long term assessments activities can be 
completed. During the early stages, the validation efforts will focus more strongly on the EOS- 
AM1 instrument and short-term assessment activities. 

11.3 MEASURES  OF  SUCCESS 

Ultimately, MISR cloud products will  be  considered valid, or a success, if they produces re- 
sults which are accurate and consistent in both the  long term and short term with measurements 
from independent data sources. This not only  means  that  any  given MISR-based results should fall 
within some precision of an independent measurement,  but also that  the various data sources 
should yield parameters with similar statistical properties. Situations which produce dissimilar re- 
sults will be carefully studied to isolate the cause and determine if the problem is an inherent lim- 
itation in one of the data sources or if corrective action can be taken. 

156 



12. PRE-LAUNCH ACTIVITIES 

In the pre-launch time period, AirMISR data will be used  as a proxy for MISR data, while in 
the post-launch time period this data will generally  be used as  an independent source of radiance 
data for validation and vicarious calibration. From the validation point of view, the purpose of the 
pre-launch activities is primarily to: 

(1) assess the expected accuracy of the  MISR algorithms; and 

(2)  establish the infrastructure (e.g, software tools) and  understanding required to 
compare MISR data with data obtained from other instruments. 

12.1 FIELD  EXPERIMENTS  AND  STUDIES 

Although a number of pre-launch field experiments were planned, many  of these exercises 
have been cancelled due to problems with the AirMISR instrument. However, AirMISR did par- 
ticipate in the FIRE Arctic Cloud Experiment (ACE),  which is described in the following subsec- 
tion. Much of the data collected during this experiment is currently being processed at JPL and will 
be analyzed by several of  the  MISR science team members over the coming months. In addition to 
the FIRE experiment, the MISR  validation  team is also considering (resources permitting) an ex- 
periment targeting marine stratus clouds in spring or summer  of 1999. Some details of this exper- 
iment are described below. 

12.1.1 FIRE  ACE 

From May 18 through June 6 of 1998, AirMISR participated in the FIRE Arctic Cloud Ex- 
periment. The overall objective of this experiment is to produce an integrated data set that (1) sup- 
ports the analysis and interpretation of physical processes  that couple clouds, radiation, chemistry 
and the atmospheric boundary layer, (2)  provides in situ data for testing satellite, aircraft and sur- 
face-based remote sensing analyses; and (3) provides initial data, boundary conditions, forcing 
functions, and test data to support cloud modeling efforts. Aircraft observations were made over 
surface measurements sites provided by  FIRE,  SHEBA (Surface Heat Budget of the Arctic Ocean), 
and ARM communities. SHEBA, which is sponsored  by the National Science Foundation (NSF) 
and the Office of Naval Research (ONR),  is a research program designed to document and under- 
stand the physical processes that couple the atmosphere, ice, and ocean in the Arctic. It  is currently 
completing a year-long extensive set of measurements directly on, under, and above the sea ice in 
the Beaufort sea, using the Canadian Coast Guard ice breaker Des Groseilliers as a permanent ice 
station. The ARM program is sponsored  by  the Department of Energy to resolve scientific uncer- 
tainties about global climate change with a specific focus on improving the performance of general 
circulation models used for climate research and prediction. ARM is providing a number of key 
surface-based remote sensing instruments specifically designed for the measurements of clouds 
and radiation at the SHEBA ice station. ARM is also operating instruments at Barrow, Alaska, as 
part of a decade-long program to measure the clouds and radiation in the Arctic Basin. 
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During the spring operations phase of FIRE ACE,  AirMISR successfully acquired data dur- 
ing a variety of arctic cloud conditions. Cloud  types observed include thin and thick, high, low and 
multilayered clouds. Data were also acquired over land, ice, and  on one occasion a large area of 
open water. In combination with data from other airborne instruments (e.g.,  MAS, SSFR, and CLS) 
and ground-based instruments (e.g., lidar, radar  and  downwelling radiation), this data set will pro- 
vide a rich resource members of the MISR science team to examine  MISR cloud products. In par- 
ticular, this data should prove valuable in testing the albedo and cloud masking algorithms and, in 
a few instances, to test the stereo-matching algorithms for cloud top height retrieval. More infor- 
mation regarding the FIRE ACE experiment can be obtained  via the world wide web at http:// 
eosweb.larc.nasa.gov/ACEDOCS/index.html. 

12.1.2 California  Coast  Marine  Stratus  Experiment 

In this mission, under  review for implementation in spring or summer 1999, multiple pass 
measurements over a marine stratus cloud field will be made  using  AirMISR and the Solar Spectral 
Flux Radiometer (SSFR). Other instrumentation includes two 94 GHz Cloud Radars. The purpose 
of this experiment will be to examine variations in the cloud structure and their effects on the scat- 
tering dependence in several azimuthal planes. The ER-2 measurements will be coordinated with 
a combined ground-based and aircraft-based  cloud radar experiment being planned  by Dr. Bruce 
Albrecht at the University of Miami. 

12.2 OPERATIONAL  SURFACE  NETWORKS 

The primary ground-based  remote sensing sites used in support of MISR validation will be 
the Department of  Energy Atmospheric Radiation  Measurement program sites. The development 
and testing of algorithms to ingest and  analyze data from the ARM sites is being developed [Marc- 
hand, 19981. Important aspects of the ground-based validation effort (such as how compare narrow 
field of view radar measurements with larger satellite views) are being studied. 
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13. POST-LAUNCH  ACTIVITIES 

Many of the MISR algorithms depend on threshold  values  which have not been and can not 
be well established prior to launch. Many of these thresholds are designed to be updated based on 
a statistical analysis of the MISR radiance measurements themselves. Because of this updating pro- 
cess and a general need to evaluate the uncertainty  and limitations of the cloud products under a 
robust set of conditions, a large body of comparable measurements is required. A validation pro- 
gram of this type has the potential to be costly  unless significant use  is made of existing facilities. 
Fortunately, much of the infrastructure needed  already exists. Involvement of this validation effort 
with existing research programs and field campaigns is a key aspect of this plan. 

13.1 PLANNED  FIELD  ACTIVITIES  AND  STUDIES 

Because of the variable types and quality of data that are available from preexisting ground- 
based sites, more intensive short-term assessment activities, where airborne measurements can be 
incorporated, will remain important in the post-launch  validation effort. Data will be gathered and 
analyzed from non-EOS missions, such as the  yearly intensive operational periods (IOPs) held by 
the ARM Clouds Working Group. The MISR science team will also take advantage of field mea- 
surements conducted by other EOS  validation science teams. In terms of cloud products this in- 
cludes plans by the MODIS team to conduct field campaigns targeted at cirrus cloud near Hawaii 
and in the Gulf  of Mexico (1999  and 2000), as well as marine stratocumulus clouds and valley fog 
in California (2000). 

13.2 NEW  EOS-TARGETED  COORDINATED  FIELD  CAMPAIGNS 

The sites and timing for some  MISR  organized short-term validation activities will be iden- 
tified in the future based on detected problems, that is, situations where MISR-based retrievals do 
not agree with those from other instruments. At this time,  the  MISR validation team anticipates 
conducting the following post-launch targeted exercises, but recognize that more or different needs 
may be identified in the future: 

(1) Cumulus / broken  cloud  fields - Spring or Summer 2000; 

(2) Single  layered  cirrus  clouds  and  cirrus  clouds  over  lower  cloud fields - late 
2000 or Spring 2001; 

(3) Continental  stratus  clouds  over  heterogeneous  terrain - Coordinated with 
ARM Clouds Working Group - late 1999 or 2000. 

Participation of the airborne MISR  simulator  (AirMISR) is of major importance to the suc- 
cess of these activities. The MISR  validation  team anticipates having approximately 10 hours of 
ER-2 flight time and the necessary support to analyze this data each year. Additional measurements 
from airborne cloud radar, MAS  (MODIS Airborne Simulator), SSFR (Solar Spectral Flux Radi- 
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ometer), CLS (Cloud Lidar System) and lower-flying radiometrically equipped aircraft are also 
highly desirable. However no funding exists to directly support this need, and so cooperation with 
other EOS and non-EOS field programs will be used to acquire this additional data. 

13.3 NEEDS FOR OTHER  SATELLITE  DATA 

Common cloud data products between  MISR and other EOS-AM1 instruments (ASTER, 
CERES, and MODIS) will be compared. These data sources have the distinct advantage of being 
collected continuously over the same locations and at nearly same time. There are no plans at this 
time to compare MISR cloud products with  those  obtained from current satellites-based programs, 
as part of the validation effort. However, Dr. Jan-Peter Muller (University College London) does 
plan to evaluate MISR stereo derived cloud  tops  with  IR  temperature-based retrievals from ESA 
(European Space Agency) satellites (primarily  ATSR). Furthermore, the MISR radiance-based 
cloud detection algorithm is currently being  compared  with a “MODIS-like” algorithm using glo- 
bal AVHRR LAC data. 

13.4 MEASUREMENT  NEEDS  AT  VALIDATION  SITES 

The ARM sites are the primary validation sites which  will be used  by in the MISR cloud val- 
idation effort. The ARM sites include (1) the Southern Great Plains  (SGP) site in Oklahoma, (2) 
the Tropical Western Pacific (TWP)  with sites on  Nauru island and at Manus Island, Papua New 
Guinea, and (3) the North Slope of  Alaska (NSA) site at Point Barrow. All of these sites are 
equipped (or soon will be)  with vertically pointing  millimeter  cloud radars, as well as lidars which 
can be used to detect clouds and determine their  vertical structure, including cloud top height. The 
ARM sites are equipped with  hemispherical  viewing instrumentation, e.g., whole sky imagers, 
which can be used to infer the spatial cloud fraction. Finally, these sites have routine rawinsonde 
releases (and in the case of the SGP a radar wind profiler) which will be used to examine cloud 
velocity retrievals. 

Several universities also currently operate systems which the MISR science team will take 
advantage of  as the opportunity permits. These organizations include: 

The University of Massachusetts, which operates a dual frequency 35/95 GHz 
co-aligned radar system that is well calibrated and  can be scanned. 

The University of Utah,  which operates a 94 GHz radar and an advanced polar- 
ization lidar, both of which can be scanned. 

University College London, which operates a stereo all-sky camera system. This 
group is also collecting data from the Chilbolton radar facility. 

The University of Miami, which operates and 94 GHz radar and an AERI (At- 
mospheric Emitted Radiance Interferometer). 

The Pennsylvania State University, which currently operates two 94 GHz cloud 
radars, as well as a lidar system. 
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More limited observations from other long term projects will also be analyzed. These sites 
contain at a minimum broadband downwelling solar total and diffuse irradiance measurements, 
which can be used to estimate the local cloud fraction [Long 19961. The correlation between ver- 
tically pointing narrow field of  view  cloud fractions, hemispherical  sky imager cloud fractions, and 
diffuse field inferred cloud fractions are currently  being studied. Among these sites are: 

(1) The Baseline Surface Radiation Network  (BSRN) - Because of the important 
role radiation plays in the climate system, in 1990 the World Climate Research 
Programme (WCRP)  proposed the establishment of a worldwide network to 
continuously measure radiative fluxes (upward  and downward solar and infrared 
broadband irradiance) at the Earth’s surface. BSRN is part of the WCRP Global 
Energy and Water Cycle Experiment  (GEWEX)  and  they currently plan to have 
more than 30 sites. Many of these stations began  operation in 1992 and each year 
more are added to the  network. The data are archived at the World Radiation 
Monitoring Center (WRMC), in Zurich, Switzerland. 

(2)  The Integrated Surface Irradiance Study (ISIS) is a continuation of earlier 
NOAA surface-based solar monitoring  programs in the visible and ultraviolet. 
ISIS provides basic surface radiation data with a stated accuracy, based on ref- 
erence standards, to better than 1%. The Air Resources Laboratory (ARL) oper- 
ates the this network. ISIS operates at two levels: Level 1 monitors incoming ra- 
diation only, and Level 2 (i.e.,  SURFRAD sites) focuses on the surface radiation 
balance. 

(3) The Surface Radiation Budget  Network  (SURFRAD)  was established in 1993 
through the support of NOAA’s Office of Global Programs. The SURFRAD 
mission is  to support climate research  with continuous, long-term measurements 
of the surface radiation budget over the United States. Currently there are five 
SURFRAD stations, which are located in Pennsylvania, Montana, Colorado, 11- 
linois, and Mississippi. The upwelling  and  downwelling solar and infrared are 
the primary measurements; ancillary observations include direct and diffuse so- 
lar, photosynthetically active radiation, UVB,  and meteorological parameters. 
Currently, consideration is also being given to the addition of lidar systems. Data 
are downloaded, quality controlled, and  processed into daily files that are distrib- 
uted in near real time  by  anonymous FTP and  the World Wide Web (http:/i 
www.srrb.noaa.gov). 
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1 4  SPECIFIC  VALIDATION  PLANS  FOR  MISR  CLOUD  PRODUCTS 

In the following subsections, a summary  of  MISR cloud data products is given, concentrat- 
ing on those features important to the validation effort, along  with a general description of  how 
these products will be validated. For the purposes of this document, the cloud products are divided 
into three categories: (1) cloud top altitude and velocity, (2) cloud  masks and cloud fractions, and 
(3) albedo products. 

14.1 CLOUD TOP ALTITUDE  AND  VELOCITY:  OVERVIEW 

Using MISR multiple angle imagery, stereo-photogrammetric techniques can be applied to 
determine cloud direction and speed as well as cloud height. The basic idea is to identify the same 
cloud features, or scenes, at several MISR  view  angles. Because the MISR images of the same tar- 
get are displaced in time by  up to several minutes,  by  observing the apparent displacement of these 
features, cloud height and motion can be simultaneously determined. Detailed procedures by 
which cloud features are identified and the height  and velocity are determined are given in the 
MISR Level 2 Cloud Detection and Classification Algorithm Theoretical Basis Document. 

The essential approach used  by  MISR is to first determine the cloud motion  using 3 MISR 
view angles. Nominally, the calculation is done using the Df/Bf/An  views  and  the Da5dAn views 
(both at the 672 nm wavelength). Once the velocity is determined, a parameter referred to as the 
Reflecting Level Reference Altitude (RLRA) is then retrieved using  two closely spaced view  an- 
gles. Nominally, either the Af/An  views or the AdAn views are used to obtain the RLRA, depend- 
ing on which pair views more forward-scattered light. Simulations at the University of Arizona 
have demonstrated that the more forward-scattering pair  gives smaller systematic errors. 

14.1.1 Reflecting  Level  Reference  Altitude (RLRA) 

In determining the RLRA, a combination of area- and feature-matching algorithms is used 
such that 1.1 km x 1. P km areas in one view angle are identified at a second view angle. Given (1) 
the satellite orbit, (2) the apparent shift in position of matched  areas, and (3) the scene velocity, the 
altitude of the matched areas can be determined. Of course, the height of clouds can vary signifi- 
cantly within the 1.1 km resolution. Therefore, the calculated height does not necessarily corre- 
spond to the top of an individual cloud, but will be typical of the main reflecting level. Typically, 
the RLRA will be near the tops of bright clouds, or at the surface under clear sky or thin cloud con- 
ditions. The calculation of the retrieved height is based on image disparity measurements to which 
several quality metrics are applied in order to specify the retrieval confidence. 
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14.1.2  Cloud  Velocity 

In order to determine the RLRA as described above, it is assumed that the cloud motion  was 
known. As mentioned earlier, MISR  uses one set of  view angles to obtain the cloud velocity field 
and another set to determine the RLRA. This approach is used in order to increase the impact of 
cloud motion when determining the cloud  velocity and minimize the effects of the cloud motion in 
determining the RLRA. In the MISR algorithm, the cloud  velocity is taken to be given by one of 
two values within each 70.4 Eun x 70.4 km region. In general, clouds at different altitudes move at 
different velocities, and the general solution requires a continuum of altitudes and velocities. Over 
mesoscale domains, however, the  MISR  algorithms approximate this complexity by using only the 
two most common cloud velocities. In the case of partially cloud-free regions, one of the two most 
common velocities may be a value close to zero, owing to matches obtained from the surface. In 
this case the two velocities will  correspond to a layer comprised of the surface terrain and a layer 
containing all of the clouds. In other situations, the  two velocities may correspond to two distinct 
cloud layers. 

14.1.3 Overview of the RLRA and  Cloud  Velocity  Validation 

During pre-launch validation, AirMISR data will be used to calculate cloud RLRAs. These 
results will be compared with those from ground-based  measurements, as well as MAS, CLS, and 
airborne cloud radar to the degree such data can be obtained through cooperative field exercises. 

In the post-launch time frame, regular comparisons between MODIS  and MISR estimates of 
cloud top altitude will be examined, and compared  with  nearby ground-based measurements. Ar- 
eas or situations where the MISR and MODIS  cloud heights disagree will be further investigated 
using additional airborne measurements as necessary. 

In regards to ground systems, both surface-based lidars and radars can be used to determine 
the altitude of cloud togs. Of course, ground-based lidars require clear sky or optically thin cloud 
conditions at low altitudes to detect high altitude cirrus clouds and in the case of optically thick 
clouds can generally only detect the altitude of the cloud base. Although not as sensitive to cirrus 
clouds as lidar systems, ground-based cloud radars can penetrate low optically thick clouds and can 
often measure cirrus clouds even through thick low clouds. Since cloud velocity is generally close 
to wind velocity, radar wind profilers and  rawinsondes will be  used to evaluate MISR calculations 
of the cloud velocity. 
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14.2 CLOUD  MASKS  AND  CLOUD  FRACTIONS 

The MISR standard cloud products consist of three cloud masks  and a number of measures 
of the cloud coverage over 17.6 km x 17.6 km areas (i.e., cloud fractions). 

14.2.1  RCCM 

The Radiometric Camera-by-camera Cloud Mask (RCCM) is a filter which identifies which 
samples in the image for each MISR camera are cloud covered and which pixels are clear. More 
specifically, the RCCM identifies each 1.1 km x 1.1 km area as  cloudy  with either high confidence 
or low confidence or clear with either high confidence or low confidence. 

The RCCM is determined by examining the intensity and spatial variability of image pixels 
in the MISR 3rd and 4th spectral bands (i.e., at 672 and  866  nm, respectively). The processing de- 
tails are given in the Level l Cloud Detection Algorithm Theoretical Basis Document. The basic 
idea is that there is expected to be a distinguishable difference between the image intensity and 
variability for cloud cover and for the underlying surface at these two wavelengths. A threshold 
test can therefore be applied to classify the scene as  cloud covered or  as clear. The required thresh- 
olds are a function of the surface type [as specified in the Cloud Screen Surface Classification 
(CSSC) data set], solar angle and  view  angle.  Although a set of default threshold values will be 
used at launch, the thresholds will be modified  using  measured results via an ongoing automated 
statistical analysis. This threshold approach is expected to work  well over most surfaces. Much like 
clouds, however, snow covered surfaces are highly reflective at  both wavelengths. A RCCM qual- 
ity flag which specifies what algorithmic tests were used in constructing the mask is also stored in 
the standard TONCloud data set. 

14.2.2 SDCM 

The stereoscopically retrieved height field that  is  used as input to generating the RLRA is 
also used to construct a cloud  mask,  known  as the Stereoscopically-Derived Cloud Mask (SDCM). 
Each successful stereo height retrieval is designated as either Near or Above the surface and rated 
with high confidence (HC) or low confidence (LC). The confidence ratings are based on algorithm 
metrics associated with the disparity  and  height retrieval process. The SDCM is derived from this 
heightkonfidence designator and the RCCM mask for the reference camera, nominally the nadir 
camera. The SDCM can take on one of five values: CloudHC, CloudLC, Nearsurface, Clear, and 
No Retrieval. Clear indicates that the RCCM indicated clear conditions and the height retrieval has 
been set to the known terrain height. An  RCCM result of clear with high confidences always over- 
rides the stereo-derived height confidence designator. An  RCCM result of clear with low confi- 
dence overrides the stereo-derived height retrieval designator, unless the stereo height designator 
specifies cloud with high confidence. Thus, CloudHC means  that  the height retrieval found clouds 
above the surface with high confidence and this result was  not overridden by  the RCCM. NearSur- 
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face indicates that a the height retrieval found the reflecting level near the surface, but the RCCM 
still indicated the presence of  clouds. CloudLC means either (1)  that the height retrieval failed and 
the RCCM indicates the presence of clouds or (2 )  the height retrieval indicated the presence of 
clouds with low confidence and the RCCM is missing or also supports the existence of clouds. No 
Retrieval occurs only  when no result was obtain for both the height retrieval and the RCCM. 

14.2.3 ASCM 

Optically thin, high-altitude cirrus clouds will  often  not  be detected by the RCCM thresh- 
olds. To detect cirrus clouds, a technique known as Band-Differenced Angular Signature (BDAS) 
[Di Girolamo 1992, Di Girolamo and Davies  19941 is employed  using MISR's 70.5"  and  60"  view 
angles. The resulting detections are then  projected to a climatological cirrus-cloud altitude, and the 
resulting mask is known as the Angular Signature Cloud  Mask  (ASCM). The BDAS technique 
uses the difference in measured radiances between either the 866 nm and 446 nm channels or be- 
tween the 672 nm and 446 nm channels, depending on surface type (generally water or land respec- 
tively). Especially for these large viewing angles, the  measured radiances are sensitive to the con- 
tribution of Rayleigh scattering, which has a strong wavelength dependence, and this dependency 
provides the basis of the technique. Quantitatively, the 866 nm and 446 nm wavelengths differ by 
almost a factor of 15 in their sensitivity to Rayleigh scattering, while the 672 nm and 446 nm wave- 
lengths differ by  more  than  a factor of 5. Since the contribution of Rayleigh scattering decreases 
in the presence of  high clouds, the difference in the measured radiances can be used to identify the 
presence of cirrus clouds. The 672 to 446 difference is used over land targets to reduce the impact 
of land surface spectral variations. 

Simulations using  LOWTRAN  7 indicate that the  BDAS technique is expected to work best 
over ocean and, interestingly, over  snow surfaces (where most other satellite cloud detection tech- 
niques experience difficulties). Over most  land surfaces, the BDAS technique is generally expect- 
ed to offer poor cloud detection capability due to the large variability in land reflectance. 

Lastly, it should be mentioned that the  BDAS technique used to determine the presence of 
thin cirrus clouds does not provide any independent information on the cloud height; making it dif- 
ficult to determine the exact location of these clouds relative to other cloud masks. 

14.2.4 Cloud Fractions 

For scene classification purposes,  the stereoscopically derived cloud altitudes and the asso- 
ciated RCCM, SDCM and  ASCM are used to generate regional altitude-binned cloud coverage 
fractions over 17.6 x 17.6 km regions. The regional scene classifiers consist of the following pa- 
rameters: 
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f & ,  1 ,  an altitude-binned classifier in which k represents one of five altitude 
classes: surface, low cloud, mid-level cloud, high cloud, and no retrieval; m rep- 
resents one of the three masks (feature-projected RCCM,  ASCM, SDCM); and 
1 represents the clear/cloud or surface/cloud and confidence designations associ- 
ated with each mask. The altitude binning is referenced to the surface terrain. 

FCloudHC, the fractional area of the region that is classified, with high confi- 
dence, as consisting of any  type of cloud, and FClearHC, the fractional area of the 
region that is classified, with  high confidence, as  being clear of any type of 
cloud. 

FCloudHC and FCloudLC , the fractional area of the region that is classified, with 
high and  low confidence, respectively, as consisting of clouds excluding those 
detected using the BDAS test. These parameters are used  as input to Level 2 
aerosol retrievals. 

& , u d H C  and &oudLC , the fractional area  of the region that is classified, with 
high and  low confidence, respectively, as consisting of clouds detected using the 
original terrain-projected RCCM only, for camera k.  

- - 

This last metric ( P  ) is calculated for each of the MISR  view angles, while the other metrics 
are calculated based on the stereo reference camera (nominally  An) RCCM. Also, the F and F 
fractions use the RCCM  only  if the region is classified as snow/ice free. 

14.2.5 Overview of the  Cloud  Mask  and  Cloud  Fraction  Validation 

Validation of the cloud  masks  and  cloud fractions is conceptually much the same as that for 
the IURA. However in addition to lidars and cloud penetrating radars, the use  of broadband total 
and diffuse irradiance measurements  will  be  used to detect the presence of clouds and to estimate 
the local cloud fraction [Long 19961. 

In the pre-launch time frame, validation  will involve the  use of AirMISR to generate cloud 
masks over a variety of surface targets. The AirMISR  cloud  masks will then be compared with both 
(1) other airborne observations (such as those from MAS) and (2)  ground based measurements 
(such as those from a 94 GHz  cloud radar). If AirMISR  uses all 9 MISR angles, it views only a 
relatively small target area, about 10 km on a side. (This is because AirMISR  has only one camera 
whose pointing angle is adjusted during flight). However, in principal all three cloud masks can be 
generated using only a few camera positions, allowing larger areas to be utilized. 

In the post-launch time frame, automated comparison between the  MODIS cloud masks  and 
the nadir RCCM will be routinely  examined  and areas or situations where these two cloud mask 
disagree further investigated using additional airborne measurements  as necessary. Also, the 
RCCM mask for all MISR view angles will be compared. Of course both the MODIS and MISR 
cloud masks can agree i.e., both can indicate cloud or no cloud, and still be erroneous. These com- 
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parisons will focus primarily  near regions where long term ground-based measurements can be ob- 
tained. These measurement sites offers the best option for long term monitoring, composition of 
statistical measures of success, and identification of problems related to atmospheric and surface 
conditions which may occur infrequently. Because the RCCM success may be highly dependent 
on the surface conditions, a wide array of surface types will be monitored. 

In principle, validating the cloud masks  will validate the cloud fractions. In practice, cloud 
fractions will be used as a primary validation check, and sample comparisons applied to help iso- 
late the problems. In general, a sample-by-sample comparison between  MODIS  and MISR will re- 
quire projecting the MISR  cloud  masks onto the same grid system used  by MODIS, or vice versa, 
and  may prove difficult due to differences with resolution and  viewing angles. However this re- 
projection should have only a minimal effect on the cloud fractions. 

14.3 ALBEDO  PRODUCTS  AND  TEXTURE  INDICES 

Once the average RLRA has been determined for each 2.2 km x 2.2 km region of the surface, 
a number of “reflecting level parameters” are associated with it. In terms of MISR standard cloud 
products, this includes three texture indices, counts of the number of unobscured pixels, and two 
average bidirectional reflectance factors, one associated with RLRA tops and one associated with 
RLRA sides. 

What is meaning of “unobscured pixels”, “RLRA tops”  and “RLRA sides”? When viewing 
a scene from an angle other than nadir, the image of one surface may  be blocked by the presence 
of another surface, e.g.,  by other clouds or  nearby  terrain.  “Unobscured pixels” are those pixels 
which are not blocked  by some other surface. However,  MISR is not able to detect the thickness 
of clouds. Therefore, a cloud is considered to be a square prism or column stretching from the sur- 
face to its RLRA. The expression “RLRA  tops” refers to those image pixels located on the tops of 
these prisms and the expression “RLRA sides” refers to the sides of the prisms. Therefore, radia- 
tion which is said to originate from the “RLRA sides” is not  necessarily originating from the sides 
of clouds, but could be representative of area  underneath  the clouds, or other clouds at a lower al- 
titude. Alternatively, those pixels which are described  as “RLRA tops” are not necessarily the tops 
of clouds, if the cloud coverage is fragmentary on spatial scales less than  2.2 km x 2.2 km. 

The Bidirectional Reflectance Factors  (BRFs) are ratios of  the scattered radiance to the in- 
coming solar radiance, and are used to determine the scene albedo. At a basic level, the study of 
the Earth energy balance requires knowledge  about the ratio of the irradiance reflected from a giv- 
en surface to the irradiance incident on that surface. This quantity is often referred to as the albedo 
and can be obtained by summing, or more precisely, integrating the bidirectional reflectance fac- 
tors of the surface over all scattering angles. Satellites, however, do not measure the scattered ra- 
diance from the Earth’s surface at all possible directions. That is, satellites measure radiances, not 
irradiances. Therefore, satellite determination of the  albedo requires application of some model of 
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the scattered radiances in directions which are not  measured. Previous instruments, such as ERBE, 
measured scattered radiances at  only one angle. The nine  MISR  zenith  view angles provide good 
coverage in zenith angle and can be expected to produce improvement in the albedo determination. 
However, the fore and aft views provide sampling  at  only  two azimuthal angles and a model for 
the azimuthal dependence of  the surface reflectance is still required. Again, data from the nine view 
angles can be expected to help in scene classification or  modeling  and hence better selection of az- 
imuthal models. 

Because the azimuthal dependence of the scattering depends strongly upon the shape, rough- 
ness  and composition of the scatterer, it is desirable to classify and select azimuthal scattering mod- 
els on a scale which is consistent with the variation in these characteristics. However, because of 
changes in height of the reflecting surface, be it from nearby clouds or terrain, some MISR  view 
angles may be obscured as described above. This obscuration has led the MISR science team to 
develop three types of albedos, which are called the Local Albedo, the Restrictive Albedo, and the 
Expansive Albedo. 

14.3.1  Texture  Indices  and  the  Average  Bidirectional  Reflectance  Factors  (BRFs) 

The top of each 2.2 km x 2.2 km region has up to 64 275-m pixels in each of the nine MISR 
zenith view angles. A fraction of these 64 pixels  may be “unobscured RLRA tops”, depending on 
the view angle and the height of nearby RLRA columns. Also, different portions of the sides of 
each RLRA rectangle may be visible depending  on the view angle and height of nearby RLRA sur- 
faces. 

The standard MISR cloud data set will contain the BRFs averaged separately for pixels des- 
ignated as RLRA column tops or as RLRA column sides at each wavelength. In addition to the av- 
erage BRFs, three measures of the variation in the RLRA top pixels are calculated: (1) the standard 
deviation divided by the mean BRF for all RLRA top pixels, (2)  the standard deviation of the dif- 
ference in adjacent pixels in the along track direction, and (3) the standard deviation of the differ- 
ence in adjacent pixels in the cross track direction. These three standard deviations are referred to 
as texture indices because they provide a measure of cloud  homogeneity  [Chen et al 19891. All of 
the texture indices are calculated at 672 nm. 

14.3.2  The  Local  Albedo  and  Methodology  Flags 

To obtain he local albedos, the azimuthal models are applied  at the relatively high resolution 
of  2.2 h x 2.2 km. The local albedos are later summed to obtain (a portion of) the restrictive and 
expansive albedos over larger 35.2 km x 35.2 km areas. There may at times be considerable heter- 
ogeneity even at 2.2 km resolution. However, the presence of such heterogeneity should be iden- 
tified when it occurs, through the accompanying texture indices. 
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The local albedo is defined in the  MISR Level 2 Top-of-Atmosphere Albedo Algorithm The- 
oretical Basis Document to be the ratio of  the unobscured upwelling irradiance through the RLRA 
to the downwelling TOA irradiance above  the  RLRA. That is  to say,  (1) the local albedo is calcu- 
lated using the BRF of those pixels which are located only  on the top of the RLRA columns, and 
(2)  no correction is applied to account for absorption  and scattering by the atmosphere. The second 
point means that there will be small differences between the local albedo as defined above and  the 
albedo that would be conventionally measured in situ, owing due to absorption and scattering in 
the atmosphere above the cloud. 

The local albedo is restricted to the RLRA tops because only  the BRFs associated with these 
pixels can reasonably be associated with  an  Azimuthal Model (AZM). (As explained above, the 
source of the pixels assigned to the RLRA sides is not  known). The restrictive albedo described in 
the following section does incorporate the  RLRA sides, but no azimuthal dependence is assumed. 

The unobscured fractions and average BRFs for each of the nine  view angles used in the local 
albedo evaluation are stored together with other scene classifiers in the standard MISR cloud data 
set. Therefore users who, for whatever reason, would  prefer to calculate the albedo without the az- 
imuthal corrections, or using different models  than currently intended can easily do so. In practice, 
three types of azimuthal models are used for cloudy skies: (1) a deterministic model, (2) a stochas- 
tic model and (3) a solid angle weighting  model. 

In the deterministic model, one of several AZMs is chosen based on the relative direction of 
the sun, the RLRA, the phase (ice/water) of the cloud, and the nine average BRFs at 672 nm. The 
AZM consists of a set of weights  which  given the BRF at one view angle can be used to determine 
the total albedo or a portion of  the total albedo. (Recall that the albedo is given by a summation of 
the BRFs over a hemisphere above the scattering surface. So, the albedo can be thought of as a sum 
of partial albedos, one associated with each  MISR  zenith  view  angle). The appropriateness of the 
AZM for each of  MISR  view angle is examined  by comparing how consistently the AZM predicts 
the partial albedo based on radiance measurements at neighboring view angles. More specifically, 
if the calculation of the partial albedo at one particular view angle based  on  the BRF at that view 
angle matches the partial albedo calculation based on the BRF from at least one neighboring view 
angle (to within some threshold value), then the partial albedo is taken as the average of the partial 
albedo associated with that view angle and its neighboring  view angles. If the partial albedo calcu- 
lations do not match, then the stochastic model is tried  next. The deterministic AZM models will 
be used only for homogeneous clouds, to approximate plane-parallel clouds. The determination of 
scene homogeneity is based  upon a thresholding of the texture indices. The AZM model weights 
have largely been determined through  numerical simulations, the full details of which are given by 
Varnai [ 19961. 
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If the deterministic approach fails, a generic model for all clouds is used to provide a statis- 
tical best guess for the azimuthal correction. This second  method is referred to as the stochastic 
method. The stochastic model is similar to the deterministic model in that it also consists of a set 
of weights which given the BRF at one view angle can be  used to determine a portion of the total 
albedo associated with each MISR  zenith  view angle. These weights are applied in a manner anal- 
ogous to the deterministic approach (described in the proceeding paragraph). 

If the measurements fail to satisfy the criteria for the deterministic and the stochastic models, 
then no azimuthal correction is made and albedo calculations assuming no azimuthal dependence 
are used. This third technique is referred to as the solid angle weighting method and is always used 
for the nadir camera. 

Note that for a given calculation of the local albedo, it is possible for each partial albedo con- 
tribution to be determined by a different method. It is possible, for example, for deterministic 
weighting to  be applied at two angles, stochastic weight for one angle, and solid angle weighting 
for the remaining six angles. An  AZM  model indicator and  methodology flags are included in the 
MISR cloud product data set which  completely describe how the local albedo is calculated for each 
2.2 lkna x 2.2 km subregion. 

If the RLRA is the surface terrain, a modified form of an empirical model known as the Cou- 
pled Surface-Atmosphere Reflectance (CSAR) equation is fit to the  measured radiances [Rahman 
et al. 19931. The CSAR equation has three free parameters which are determined by a least squares 
fit  to the measured radiances. A x’ test is used to evaluate the effectiveness of the CSAR model 
relative to the measured  values.  If the test is passed  the  CSAR  model is used to determine the al- 
bedo. If the test fails the local albedo is determined using the solid angle weighting approach, that 
is, no azimuthal correction is applied. 

14.3.3 The Restrictive Albedo 

The restrictive albedo is calculated for 35.2 km x 35.2 km regions and is defined as the ratio 
of the irradiance reflected from all surfaces within the region to the downwelling TOA irradiance 
above that region. The relevant reflected irradiance from all RLRA surfaces (both column tops and 
column sides) are used in this calculation. The restrictive albedo is thus due in part to the sum of 
the unobscured irradiances already associated with the local albedos. These irradiances are azi- 
muthally corrected using the best technique for each local region (that is, using the local albedo). 
The remainder of the restrictive albedo is due to the contributions from the RLRA sides. The albe- 
dos of RLRA sides are determined using  solid angle weighting. 
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14.3.4 The Expansive  Albedo 

The expansive albedo differs from the other two albedos in being referenced to the top of the 
atmosphere instead of to a surface just above the cloud tops. The expansive albedo is defined as 
the ratio of the upwelling irradiance through a region at the top of atmosphere (defined at 30 km 
altitude) to the downwelling TOA  irradiance. Since the TOA reference surface is never obscured, 
this albedo is identical to what  would  be obtained from airborne measurements at an altitude of 30 
lun. Like the restrictive albedo, the expansive albedo will be determined for 35.2 km x 35.2 km 
regions. However, the reflecting surface (i.e., the RLRA  columns) contributing to the upwelling 
irradiance at TOA is much larger than the  35.2 x 35.2 km area underneath this surface. In fact, the 
Earth surface area contributing to the expansive albedo is  many hundreds of kilometers. The ex- 
pansive albedo will, consequently, generally be different than the restrictive albedo and generally 
involves substantially greater scene inhomogeneity. 

14.3.5  Overview of the  Cloud  Albedo  Validation 

Validation of the cloud BRFs, and albedos represents a significant challenge. For the most 
part, the validation of these quantities will  be restricted to the post-launch time frame. 

To validate the local albedo, one really  wants to validate the measured radiances and the az- 
imuthal models. To completely validate these quantities, the surface BRFs would have to be mea- 
sured at all azimuthal and zenith angles, or  more precisely, with  at least enough angles to fully 
characterize the fluctuations in the BRF. Because airborne vehicles are needed to make such mea- 
surements and because clouds are often highly spatially, as well  as temporally variable, such com- 
plete measurements are extremely difficult. Therefore, validation efforts for local albedos will ini- 
tially concentrate on relatively homogeneous stratus cloud  scenes. 

In general, we  will validate the local and restrictive albedos using two methods: (1)  making 
airborne hemispherical albedo measurements just above the cloud  tops  and comparing these results 
with MISR local albedos, modified to account for scattering and absorption above the cloud and 
(2) making AirMISR measurements as close as possible in time and space to the MISR overflights 
both along the satellite ground track and  at azimuthal angles other than those measured  by MISR. 
We will also study the use of  ground-based  downwelling  measurements to infer the cloud top al- 
bedos. However, there remains at this time some  uncertainty in the absorption of shortwave radia- 
tion by clouds, which may limit the applicability of this approach. The expansive albedo, on the 
other hand, will be approximately measured  using  downward looking hemispherical radiometers 
flown on board the ER-2 at altitudes of roughly 20 lun. 

Other approaches which  we hope to investigate involve sorting MISR  measured BRFs (as a 
function of azimuthal and solar zenith angles)  and  MISR calculated albedos with reference to cloud 
scene classifiers, such as cloud top altitude, cloud bottom temperature, texture indices, and cloud 
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fractions. Ideally, these cloud scene classifiers can serve as a basis from which to essentially con- 
struct a set of azimuthal models from the  measured BRFs. 

Also, for many applications, the surface albedo is defined  as a broadband quantity; however, 
MISR makes measurements at  only four wavelengths. Therefore, another model which converts 
the narrowband albedos to a broadband quantity is generally  needed. Airborne measurements using 
the Airborne Visiblehfrared Imaging Spectrometer (AVIRIS) or the Solar Spectral Flux Radiom- 
eter (SSFR), as well as both narrowband  and  broadband hemispherical radiometers will be used to 
study conversion of the narrowband  cloud albedos to broadband albedos. 
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Science  Data  Validation  Plan 

Appendix 



r- 

Figure A-1: Distribution of permanent  (solid circle) and seasonal (open triangle) AERONET 
stations corresponding to MISR Local Mode sites, for use in validation of retrieved MISR aerosol 
optical depth and aerosol microphysical models. 



Figure A-2: Distribution of Surface Radiation Budget Network  (SURFRAD) and other sites to 
be used in vaidation of MISR calculated irradiance at the  surface. 
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